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Abstract 
 
Skeletal muscle accounts for 40% of mass in adult humans. The primary 
function of skeletal muscle is to produce movement via contraction of the 
sarcomere. The sarcomere is the basic functional until of skeletal muscle and two 
of the key components in sarcomeric contraction are myosin and actin.  Actin, 
though often referred to as a single entity, separates into two functional groups 
muscle (αsk-actin, αca-actin, αsm- and γsm-actin) and cytoplasmic (βcyto- or γcyto-actin) 
actins. Though αsk-actin is the predominate isoform in adult skeletal muscle, 
specifically in the sarcomere, the ubiquitously expressed βcyto- and γcyto-actin 
cytoplasmic actin isoforms are also present. 
As may be predicted by their ubiquitous expression patterns, βcyto- and 
γcyto-actin, are enmeshed in a wide array of cellular functions including, migration, 
cell shape, cell division, vesicle trafficking, and organelle anchoring among others. 
Though collectively involved in many processes the unique and redundant role of 
both βcyto- and γcyto-actin are not fully delineated. βcyto- and γcyto-actin are highly 
conserved, with 99% homology of the coding sequence. The evolutionary pressure 
which has maintained both sequences suggests that they are both are necessary. 
The importance of having both βcyto- and γcyto-actin was demonstrated through 
whole body knockouts. Whole body ablation of either βcyto- or γcyto-actin proved 
lethal to the majority of animals during embryogenesis or within 24 hours after birth. 
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The severity of the whole body phenotype while one cytoplasmic actin is still 
present illustrates the vital role each isoform has.  
The lethal nature of whole body knockouts of either cytoplasmic actin 
isoform made studies into tissue specific phenotypes difficult. One tissue of interest 
was skeletal muscle, because of the role cytoplasmic actins have in linking the 
sarcomere to the extracellular matrix. Previously, insight was gained into the 
functional significance of βcyto- and γcyto-actin in skeletal muscle via muscle specific 
knockouts. Each knockout revealed the presence of a mild myopathy associated 
with muscle death and regeneration which worsened overtime. The focus of my 
thesis is to better understand how muscle specific ablation of either βcyto- or 
γcyto-actin resulted in a progressive mild myopathy. Since, the link between either 
βcyto- and γcyto-actin and the observed myopathy wasn’t readily apparent I 
investigated the known interactions of cytoplasmic actins in skeletal muscle. It was 
previously reported that cytoplasmic actin colocalizes with a host of structures in 
skeletal muscle including two which could affect cell viability: mitochondria and 
peri-z-disk region where the sarcoplasmic reticulum also localizes.  
My thesis advances understanding for how ablation of cytoplasmic actin 
isoforms leads to a mild myopathy. Firstly, I showed that both βcyto- and γcyto-actin 
isoforms were present at the interface between mitochondria and sarcoplasmic 
reticulum. Secondly, I showed that βcyto- and γcyto-actin knockout skeletal muscle 
had perturbations in sarcoplasmic reticulum and mitochondria morphology. 
Additionally, I showed that both cytoplasmic actin isoforms contribute to 
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mitochondrial fission. Finally, I demonstrated that in skeletal muscle lacking βcyto- 
and γcyto-actin, changes indicative of decreased sarcoplasmic reticulum function 
preceded the observed morphological changes. 
Though cytoplasmic actin isoforms have been localized to an array of 
structures in skeletal muscle, we chose to focus on two organelles which can affect 
cell viability. Further investigation into the source of the observed progressive 
myopathy revealed morphological aberrations in both the mitochondria and 
sarcoplasmic reticulum.  The stable nature of skeletal muscle structure hindered 
further examination of the observed mitochondrial morphological phenotype so, 
we utilized a mouse embryonic fibroblast model. In mouse embryonic fibroblasts 
lacking either or both cytoplasmic actin isoforms, mitochondria are elongated and 
display a decrease in fission events. 
As mitochondria are a central regulator of cell health and because of the 
effect we observed βcyto- and γcyto-actin have on mitochondrial dynamics, we 
initially hypothesized that mitochondria would be mildly functionally impaired. 
However, upon investigation of function it was not mitochondrial function which 
was impaired, but that an indicator of sarcoplasmic reticulum function was 
decreased. In sarcoplasmic reticulum a functional phenotype preceded the 
development of morphological changes supporting a potential role for 
sarcoplasmic reticulum dysfunction to act as a possible stressor linked to the 
observed mild progressive myopathy. 
 
  vi 
Table of Contents 
 
Acknowledgements ............................................................................................. i 
Dedication ........................................................................................................... ii 
Abstract .............................................................................................................. iii 
Table of Contents .............................................................................................. vi 
List of Tables ................................................................................................... viii 
List of Figures .................................................................................................... ix 
Chapter 1 :  Introduction .................................................................................... 1 
Skeletal Muscle ................................................................................................. 2 
Actin Isoforms ................................................................................................... 3 
Cytoplasmic Actin Isoforms in Non-Muscle Cells .............................................. 6 
Cytoplasmic Actin Isoforms in Skeletal Muscle ................................................. 9 
Mitochondria-Sarco/Endoplasmic Reticulum Interface and Actin .................... 12 
Figures ............................................................................................................ 15 
Chapter 2 : Relative importance of βcyto- and γcyto-actin in primary mouse 
embryonic fibroblasts. ..................................................................................... 22 
Chapter Summary ........................................................................................... 23 
Introduction ..................................................................................................... 24 
Results ............................................................................................................ 28 
  vii 
Discussion ....................................................................................................... 36 
Materials and Methods .................................................................................... 42 
Figures ............................................................................................................ 49 
Chapter 3 : Impaired muscle relaxation and mitochondrial fission 
associated with genetic ablation of cytoplasmic actin isoforms. ................ 68 
Chapter Summary ........................................................................................... 69 
Introduction ..................................................................................................... 70 
Results ............................................................................................................ 74 
Discussion ....................................................................................................... 81 
Materials and Methods .................................................................................... 85 
Figures ............................................................................................................ 94 
Chapter 4 : Conclusions and Discussion ..................................................... 109 
Conclusions ................................................................................................... 110 
Discussion ..................................................................................................... 112 
Continuing Study ........................................................................................... 118 
Bibliography .................................................................................................... 122 
 
 
  viii 
List of Tables 
 
Table 3-1  Twitch and tetanic isometric contraction measurements in control, 
Actg1-msKO, and Actb-msKO EDL muscles. ................................................... 108 
 
  ix 
List of Figures 
 
Figure 1-1 Cartoon of Skeletal Muscle Hierarchal Bundling Organization. ......... 16 
Figure 1-2 Actin Isoforms Amino Acid Sequence. .............................................. 17 
Figure 1-3 Decreased Survival βcyto-actin Heterozygotes and γcyto-actin Null Mice.
 ........................................................................................................................... 18 
Figure 1-4 Decreased Migration and Elevated Apoptosis in Actb-Knockout MEFs 
but not Actg1-Knockout MEFs. ........................................................................... 19 
Figure 1-5 Mild Progressive Myopathy in Actb and Actg1 Muscle Specific 
Knockout Mice. ................................................................................................... 20 
Figure 1-6 Cartoons of Mitochondrial-Sarco/endoplasmic Reticulum Interface. . 21 
Figure 2-1 Adenoviral Cre efficiently ablated βcyto- and γcyto-actin in primary 
mouse embryonic fibroblasts. ............................................................................. 50 
Figure 2-2 βcyto-actin deficient MEFs were growth impaired. .............................. 51 
Supplementary Figure 2-1 βcyto-actin sKO SV40 LargeT antigen immortalized 
MEFs were not growth impaired. ........................................................................ 52 
Figure 2-3 βcyto-actin deficient MEFs displayed lower ATP levels but maintained 
ETC protein abundance. ..................................................................................... 54 
Supplementary Figure 2-2 Mouse actin isoform standard curves and primer 
specificity analysis. ............................................................................................. 55 
Figure 2-4 αsm-actin transcript was upregulated in βcyto-actin ablated MEFs. ..... 56 
Figure 2-5 αsm-actin protein was upregulated in cytoplasmic ablated MEFs. ...... 57 
  x 
Supplementary Figure 2-3 βcyto- and γcyto-actin are the dominant actin isoforms in 
NIH3T3 fibroblast. ............................................................................................... 58 
Figure 2-6 Unequal Actb/Actg1 transcript and protein ratios in primary MEFs. .. 59 
Figure 2-7 αsm-actin protein was upregulated in siRNA mediated βcyto-actin 
knocked-down MEFs. ......................................................................................... 60 
Figure 2-8 βcyto- and/or γcyto-actin ablated MEFs displayed increased stress fiber 
thickness. ........................................................................................................... 61 
Figure 2-9 Caldesmon smooth muscle isoform protein expression was 
upregulated in βcyto-actin deficient MEFs. ........................................................... 62 
Supplementary Figure 2-4 Cald1 and CNN1 protein expression are upregulated 
in βcyto-actin siRNA KD MEFs. ............................................................................ 63 
Figure 2-10 SRF activity but not protein was upregulated in βcyto-actin ablated 
MEFs. ................................................................................................................. 64 
Supplementary Figure 2-5 MRTF-A protein expression is down regulated ion 
βcyto-actin KD MEFs. ........................................................................................... 65 
Supplementary Figure 2-6 Representative quantitative Western blots. .............. 67 
Figure 3-1 Altered sarcoplasmic reticulum and mitochondrial morphology in aged 
Actg1 and Actb KO skeletal muscle. ................................................................... 96 
Supplementary Figure 3-1 No shift in Z-disk alignment in Actg1 and Actb KO 
skeletal muscle. .................................................................................................. 97 
Figure 3-2 Enrichment of γcyto- and βcyto-actin in isolated mitochondrial associated 
membrane. ......................................................................................................... 98 
  xi 
Figure 3-3 Ablation of γcyto- or βcyto-actin results in increased mitochondrial area 
and decreased fission. ...................................................................................... 100 
Supplementary Figure 3-2 Normal abundance of electron transport chain 
complex proteins in Actg1 and Actb KO skeletal muscle. ................................. 101 
Figure 3-4 Normal mitochondrial function in Actg1 and Actb KO skeletal muscle.
 ......................................................................................................................... 103 
Supplementary Figure 3-3 Normal whole body respiration in 22-25 month old 
muscle-specific Actb KO mice. ......................................................................... 104 
Figure 3-5 Impaired relaxation rates in Actb and Actg1 KO skeletal muscle. ... 105 
Figure 3-6 Normal SERCA 1 and 2 abundance in Actb and Actg1 KO skeletal 
muscle. ............................................................................................................. 106 
Supplementary Figure 3-4 Endoplasmic reticulum stress response pathway 
proteins are not upregulated in muscle-specific Actb KO mice at 12 months old.
 ......................................................................................................................... 107 
Table 3-1  Twitch and tetanic isometric contraction measurements in control, 
Actg1-msKO, and Actb-msKO EDL muscles. ................................................... 108 
  
 
  1 
 
 
 
 
 
 
Chapter 1 :  Introduction 
  2 
Skeletal Muscle 
 
There are three types of muscle tissue: cardiac, smooth, and skeletal. All 
types utilize the same basic mechanism to generate force via the conversion of 
chemical energy, ATP, into mechanical energy, in the form of contractile force 
(Fontes-Oliveira et al., 2013). All types of muscle tissue employ this same process 
to produce contraction, however each has been specialized to support unique 
physiological processes. Smooth muscle lines blood vessels and the digestive 
system and contracts in a wave pattern called peristalsis to move substances 
through those vessels.  Cardiac muscle cells do not fatigue as they must contract 
to pump blood continuously for the entire life of the organism. Skeletal muscle is 
by far the most abundant of the three muscle tissues, accounting for nearly 40% 
of adult body weight in humans. It is vital for organismal movement, regulation of 
core body temperature, and for contributing to metabolic rate as the bodies primary 
consumer of oxygen and metabolites during exercise (Frontera and Ochala, 2015). 
The organization of skeletal muscle consists of a series of hierarchal ordered 
bundles (Figure 1-1). The muscle cell or myofiber (Figure 1-1B) contains bundles 
called myofibrils which consist of sarcomeres arranged in series (Figure 1-1C). 
The sarcomere is the basic functional until of contraction. Two of the most 
prevalent proteins found at the sarcomere are actin thin filaments and myosin thick 
filaments. For muscle to contract, a specific series of events have to take place 
which result in shortening of the sarcomere and muscle contraction. 
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Actin Isoforms 
 
Actin is a fundamental component of all cells, functioning in a wide array of 
cellular processes. While canonically referred to as a single entity, actin, it is 
actually six different isoforms encoded by 6 separate genes. All actin isoforms 
share a high degree of sequence homology, but the small sequence changes 
between isoforms are conserved in birds and mammals (Rubenstein, 1990). The 
functional significance of six well conserved actin isoforms is not fully understood.  
The actin isoforms can be segregated into two functional groups: muscle 
and cytoplasmic actin isoforms (Figure 1-2).  Four are muscle actins: αsm-actin, γ-
sm-actin, αca-actin, and αsk-actin (Figure 1-2). Smooth muscle tensile structures 
consist of αsm-actin and γsm-actin (Rubenstein, 1990). Two of the muscle actin 
isoforms are essential constituents of sarcomeric thin filaments in adult muscle 
(Crawford et al., 2002; Kumar et al., 1997).  Cardiac and skeletal muscle express 
the actin isoforms, αca-actin and αsk-actin respectively (Rubenstein, 1990). Muscle 
actin isoforms have conserved differences in sequence but can functionally 
compensate for one another in certain cases. Loss of αsk-actin from skeletal 
muscle is fatal during embryogenesis, but when αca-actin is expressed in a skeletal 
muscle specific manner it rescues the phenotype (Crawford et al., 2002; Nowak et 
al., 2009a). Ablation of αca-actin is fatal, but exogenous expression of γsm-actin can 
partially rescue the phenotype (Kumar et al., 1997).  This partial functional 
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redundancy among muscle actin isoforms indicates a compensatory relationship 
while highlighting their unique roles.  
Two ubiquitously expressed cytoplasmic actin isoforms, βcyto- and 
γcyto-actin, are encoded by the genes Actb and Actg1, respectively. βcyto- and 
γcyto-actin have a high degree of sequence homology, differing by only four 
biochemically similar amino acids at the N-terminus of the protein (Figure 1-2). 
This slight variation in sequence has been maintained through evolution but the 
functional significance is unclear.  Collectively, cytoplasmic actin isoforms are 
known to be critical to numerous cellular processes. 
All actin isoforms encode a globular 43 kDa protein referred to as G-actin. 
In the presence of millimolar concentrations of monovalent or divalent ions, G-actin 
reversibly polymerizes to form filamentous or F-actin. Dynamic transitions between 
G- and F-actin are critical for many of actins functions. The speed at which actin 
polymerization/depolymerization occurs varies depending on the actin isoform, the 
end of the actin filament at which they are occurring, ATP/ADP availability, the 
concentration of ions such as Ca2+ or Mg2+, and the presence of actin binding 
proteins (Carlier and Pantaloni, 1997; Pollard et al., 2000). Ablation of βcyto-actin 
in primary mouse embryonic fibroblasts (MEFs) has been shown to alter the G:F 
actin ratio in favor of F-actin (Bunnell and Ervasti, 2010; Bunnell et al., 2011).  In 
vitro a high γcyto/ βcyto-actin ratio led to more stable F-actin (Bergeron et al., 2010). 
G- and F-actin have unique functions. G-actin is involved in transcriptional control 
(Miralles et al., 2003). F-actin is required for a wide range of cellular functions 
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attributed to all actin isoforms. Muscle actin isoforms, in the F-actin state, form thin 
filaments along which myosin motors bind and produce contractile force. βcyto- and 
γcyto-F-actin forms a track in cells upon which myosin motor proteins can traffic 
vesicles (Pollard and Cooper, 2009). F-actin also assembles to form filopodial and 
lamellipodial membrane protrusions required for migration (Pollard and Cooper, 
2009). 
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Cytoplasmic Actin Isoforms in Non-Muscle Cells 
 
The ubiquitous expression of both βcyto- and γcyto -actin underlies the vital 
role they have in a wide array of cellular functions.  Functionally, βcyto-actin and 
γcyto-actin are important for many processes attributed to actin including the 
contractile ring during cell division, a track for vesicle movement, transcriptional 
regulation, and cell shape (Pollard and Cooper, 2009). Cytoplasmic actin isoforms 
also play a vital role in cell migration (Bunnell et al., 2011), providing the force 
behind lamellipodial and filopodial membrane protrusion (Tondeleir et al., 2012).  
While cytoplasmic actin isoforms as a whole are implicit in these processes, the 
conserved sequence differences between the N-termini of βcyto- and γcyto-actins 
has elicited questions about their unique contributions.  
The specific importance of each cytoplasmic actin isoform was initially 
demonstrated through the use of animals with severely hypomorphic alleles 
(Shawlot et al., 1998; Shmerling et al., 2005b) and animals with Actb (Bunnell et 
al., 2011) or Actg1 (Belyantseva et al., 2009) null alleles. Mice with whole body 
ablation of βcyto- or γcyto-actin revealed that, while γcyto-actin is important, βcyto-actin 
is essential for survival (Belyantseva et al., 2009; Bunnell and Ervasti, 2010; 
Bunnell et al., 2011). Loss of βcyto-actin was fatal by E7.5 (Figure 1-3A) in null mice 
and after E9.5 in hypomorphic animals. Primary mouse embryonic fibroblasts 
(MEFs)  lacking βcyto-actin display decreased migration (Figure 1-4A), are growth 
impaired, have elevated apoptosis (Figure 1-4C), and a decreased G/F actin ratio 
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(Bunnell et al., 2011). While loss of γcyto-actin was less severe, it still resulted in 
only one-ninth of animals having normal lifespan, with most animals dying in the 
first 24 hours due to respiratory distress (Figure 1-3 B; Bunnell and Ervasti, 2010). 
However, primary MEFs lacking γcyto-actin displayed no defect in cell migration 
(Figure 1-4B), only a slight decrease in cell viability, and a minimal increase in 
apoptosis (Figure 1-4D; Bunnell and Ervasti, 2010). In each knockout model 
alternate actin isoforms were up regulated, presumably to compensate for the loss 
of one isoform from the actin pool. However, the manifestation of phenotypes 
indicates that functional compensation was incomplete. Several studies 
investigating the specific contributions of βcyto- and γcyto-actin to migration have 
yielded strikingly different results (Belyantseva et al., 2009; Bergeron et al., 2010; 
Bunnell and Ervasti, 2010; Karakozova et al., 2006; Lechuga et al., 2014; Tondeleir 
et al., 2012).  The necessity of βcyto-actin over γcyto-actin, as demonstrated in the 
Actb and Actg1 whole body knockout animal model, indicates that γcyto-actin 
cannot fully functionally compensate for the loss of βcyto-actin. 
 While βcyto- and γcyto-actin both function in universal cellular processes, they 
are also integral to cell type specific functions. In the ear, stereocilia are critical for 
hearing and loss of either βcyto-actin or γcyto-actin leads to unique morphological 
defects and patterns of hearing loss (Belyantseva et al., 2009; Perrin et al., 2010). 
In neurons, cytoplasmic actin isoforms are involved in regulating Ca2+ signaling 
(Rosenmund and Westbrook, 1993; Wang et al., 2002). Both isoforms are present 
in neuronal dendritic spines but only γcyto-actin has been implicated in hippocampal 
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synaptic plasticity (Johnson and Byerly, 1993; Rosenmund and Westbrook, 1993; 
Schreiber et al., 2015). Tissue and isoform specific functions reinforce the 
hypothesis that βcyto- and γcyto-actin have unique functions despite the high degree 
of sequence homology. 
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Cytoplasmic Actin Isoforms in Skeletal Muscle 
 
Cytoplasmic actin isoforms are not incorporated into the sarcomere of adult 
muscle but predominate during myogenesis (Duan and Gallagher, 2009; Lloyd et 
al., 1992; Nowak et al., 2009b; Peckham, 2008).  The switch in actin isoforms 
occurs during myoblast fusion when αsk-actin expression is dramatically 
upregulated (Schwartz and Rothblum, 1981). Following myogenesis, βcyto- and 
γcyto-actin expression is downregulated, but very low levels remain in adult skeletal 
muscle.  While αsk-actin is one of the most abundant proteins in skeletal muscle, 
βcyto-actin and γcyto-actin account for only 1/4000 of the total actin present (Hanft et 
al., 2006).  In skeletal muscle βcyto-actin and γcyto-actin colocalize with the 
dystrophin-glycoprotein complex to the extrasarcomeric membrane cytoskeleton 
at the costamere and are thought to play a role linking the extracellular domain to 
the sarcromere (Craig and Pardo, 1983; Otey et al., 1988; Prins et al., 2011; 
Rybakova et al., 2000). βcyto-actin and γcyto-actin have also been shown to localized 
with other structures in skeletal muscle including the myotendonus junction 
(Papponen et al., 2008), the neuromuscular junction (Hall et al., 1981), and to peri-
Z disk regions where mitochondria and sarcoplasmic reticulum (SR) also localize 
(Craig and Pardo, 1983; Gokhin et al., 2010; Kee et al., 2004).  
 Muscle-specific Actb and Actg1 knockout mice were generated through 
human skeletal actin (HSA) promoter driven CRE expression which acted on loxp 
sites flanking exon 2 and 3 of either βcyto-actin or γcyto-actin leading to 
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recombination and functional gene knockout (Figure 1-5A; Perrin et al., 2010; Prins 
et al., 2011; Sonnemann et al., 2006).  Ablation of either βcyto-actin or γcyto-actin 
resulted in a mild progressive myopathy delineated by the increase in centrally 
nucleated fibers, a hallmark of degeneration and regeneration of that portion of the 
muscle fiber (Figure 1-5B-E; Prins et al., 2011; Sonnemann et al., 2006).  While 
some slight physiological responses were altered including susceptibility to 
exhaustion, eccentric contraction induced fatigue, and hind limb contractures, it 
was unclear how loss of either cytoplasmic actin could result in progressive fiber 
death. 
Several studies have observed a similar but more rapid myopathy when 
ablating proteins with which actin is known to colocalize or bind. Clathrin heavy 
chain ablation leads to γcyto-actin displacement from the costameres and loss of 
contractile force, likely as a result of uncoupling the sarcomeres from the 
extracellular matrix at costameres (Vassilopoulos et al., 2014). γcyto-actin has also 
been isolated with the four-and-a-half LIM domain protein 1 protein complex (Wang 
et al., 2013). Loss of four-and-a-half LIM domain protein 1 results in disruption of 
normal mitochondrial and SR morphology (Domenighetti et al., 2014; Wang et al., 
2013). Multiple groups have demonstrated that γcyto-actin colocalizes with certain 
isoforms of tropomyosin and tropomodulin which when knocked out altered z-disk 
proteins linked to defects in excitation-contraction coupling (Almenar-Queralt and 
Lee, 1999; Gokhin et al., 2010; Kee et al., 2004).  One isoform of tropomodulin 
colocalizes with γcyto-actin at the SR (Gokhin and Fowler, 2011; Gokhin et al., 
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2010), when that colocalization is disrupted a defect in SR ultrastructure becomes 
apparent, but only after 6 months of age (Gokhin and Fowler, 2011; Gokhin et al., 
2010).  All of these changes are indicative that cytoplasmic actin isoforms may be 
affecting the function of numerous organelles in skeletal muscle. Since more rapid 
phenotypes have been observed with the ablation of cytoplasmic actin interacting 
proteins, here we hypothesized that the high degree of sequence homology 
between βcyto- and γcyto-actin may allow for partial functional compensation, 
delaying the onset of observable phenotypes. Additionally, we hypothesized that 
the mild progressive myopathy observed in the absence of either βcyto-actin and 
γcyto-actin could be due to dysfunction of the structures with which they normally 
colocalize such as the mitochondria or SR. 
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Mitochondria-Sarco/Endoplasmic Reticulum Interface and Actin 
 
Actin is known to interact with the SR membrane through actin binding 
proteins like inverted formin 2 and tropomodulin 3 (Gokhin and Fowler, 2011; 
Korobova et al., 2013). The SR is a primary center of protein synthesis, but also 
critical for the cell stress response and lipid metabolism (Basseri and Austin, 2012; 
Chevet et al., 2001). The SR is also vital as an intracellular store of Ca2+, which 
can impact many cellular processes like energy metabolism and cell stress.  In 
skeletal muscle, Ca2+ release and reuptake by the SR contributes to sarcomeric 
contraction-relaxation cycling (Clapham, 2007).  
The primary function of mitochondria is to produce energy. Most ATP is 
generated as a result of coupled oxidative phosphorylation at the electron transport 
chain in the inner mitochondrial membrane (Hüttemann et al., 2008). This chain of 
five complexes has multiple inputs and can be regulated to increase or decrease 
cellular energy output (Wallace, 1999). Alterations in oxidative phosphorylation 
can greatly affect cell function and viability, especially in a highly metabolic tissue 
like skeletal muscle. Damage to electron transport chain proteins impacts energy 
output. Maintenance of a fully functional electron transport chain and a healthy 
population of mitochondria is achieved through mitochondrial dynamics (Chen and 
Chan, 2009).  
Mitochondria are dynamic organelles, undergoing the opposing processes 
of fission and fusion.  Proper balance between the processes is critical and loss of 
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mitochondrial fusion proteins mitofusin-1 or -2, or fission protein mitochondrial 
fission factor, is fatal in mice (Chen et al., 2000; Chen et al., 2015). Alterations in 
mitochondrial metabolism can affect mitochondrial dynamics.  Drug Inhibition of 
oxidative phosphorylation leads to increased fission resulting in punctate 
mitochondria (Mishra and Chan, 2016). The opposite is also true, changes in 
mitochondrial dynamics can impact mitochondrial respiration (Mishra and Chan, 
2016). Though the processes of fission and fusion have been well characterized, 
multiple recent studies have established a functional role for the endoplasmic 
reticulum and actin polymerization in mitochondrial dynamics (Korobova et al., 
2013; Manor et al., 2015).  In the canonical fission pathway, dynamin related 
protein 1 assembles to form a ring encircling and contracting the mitochondria 
leading to fission. More recently a role for the endoplasmic reticulum was 
described, when it was identified that the dimeter of the dynamin related protein 1 
ring was too narrow to fit around the circumference of the mitochondria. To achieve 
the initial constriction of mitochondria, endoplasmic reticulum wraps around the 
mitochondrion and stimulates actin polymerization via inverted formin 2 as the 
driving force of constriction (Korobova et al., 2013). Which actin isoforms were 
involved in this process however, was unknown. The actin is anchored both to the 
endoplasmic reticulum via inverted formin 2 and to the mitochondrial outer 
membrane via Spire1C (Figure 1-6A; Korobova et al., 2013; Manor et al., 2015). 
Actin-mediated mitochondrial fission can be inhibited with drugs that alter actin 
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dynamics at the mitochondrial/endoplasmic reticulum interface (Korobova et al., 
2013).  
Mitochondria and the SR both play a vital role in cell survival. The 
mitochondria/endoplasmic reticulum interface (mitochondria-associated 
membrane) is a hotspot of cellular communication (Figure 1-6B). Energy demand 
in skeletal muscle is very high and communication at the mitochondria-associated 
membrane can stimulate increased ATP production if required (Eisner et al., 2013).  
The 10µm separation between the outer mitochondrial membrane and the 
endoplasmic reticulum membrane allows for regulation of mitochondrial respiration 
or cell death signaling (Csordás and Hajnóczky, 2009; Rizzuto et al., 1998). Ca2+ 
in low concentrations can stimulate increased energy production at the electron 
transport chain, in accordance with tissue demand. Alternatively, when Ca2+ 
concentrations at the mitochondria-associated membrane become too high, they 
can trigger the mitochondria to initiate cell death pathways (Csordás and 
Hajnóczky, 2009; Patergnani et al., 2011; Rizzuto et al., 1998). Actin isoforms 
function at the mitochondria-associated membrane, outside of mitochondrial 
fission is unclear, as is the identity of the isoforms present. As both the 
mitochondria and SR are perturbed when various actin binding proteins are 
ablated (Domenighetti et al., 2014; Gokhin and Fowler, 2011; Gokhin et al., 2010; 
Wang et al., 2013) they pose likely locations for cytoplasmic actin isoforms to be 
affecting cell viability overtime potentially contributing to the mild progressive 
myopathy found in γcyto- and βcyto-actin skeletal muscle knockout mice.   
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Figure 1-1 Cartoon of Skeletal Muscle Hierarchal Bundling Organization. 
 (A) Skeletal muscle organization. (B) Myofiber organization. (C) Thin and Thick 
filaments at the sarcomere. (A Modified from 2009 Pearson Education; B Modified 
from 2011 Pearson Education).
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Figure 1-2 Actin Isoforms Amino Acid Sequence. 
N-Terminal Domains of the Six Actin Isoforms.  
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Figure 1-3 Decreased Survival βcyto-actin Heterozygotes and γcyto-actin Null 
Mice.  
Kaplan Meier survival curve of Actb+/- (A) and Actg1-/- (B) compared to controls. 
(A modified from Bunnell et al., 2011; B modified from Belyantseva et al., 2009).  
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Figure 1-4 Decreased Migration and Elevated Apoptosis in Actb-Knockout 
MEFs but not Actg1-Knockout MEFs. 
Migration of Actb-KO (A) and Actg1-KO (B) MEFs. Percent of Actb-KO (C) and 
Actg1-KO (D) MEFs undergoing apoptosis  (A and C modified from Bunnell et al., 
2011; B and D modified from Bunnell and Ervasti, 2010). 
  
A B 
C D 
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Figure 1-5 Mild Progressive Myopathy in Actb and Actg1 Muscle Specific 
Knockout Mice. 
(A) Gene targeting scheme to flox Actg1 gene in mice. Similar scheme was used 
to flox Actb gene in mice. H&E staining of 12 moth old mouse muscle from Actg1-
msKO Gastroc (B) and Actb-msKO Quad (D). Quantification of centrally nucleated 
fibers (CNFs) in Actg1-msKO muscle (C) and Actb-msKO muscle (E). (A-C 
modified from Sonnemann et al., 2006; D-E modified from Prins et al., 2011). 
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Figure 1-6 Cartoons of Mitochondrial-Sarco/endoplasmic Reticulum 
Interface. 
(A) Mitochondrial fission via endoplasmic reticulum and actin constriction. (B) 
Mitochondrial-associated membrane with key pathways shown. (A Modified from 
Manor et al., 2015; B from Rizzuto et al., 2012) 
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Chapter 2 : Relative importance of βcyto- and γcyto-actin in primary mouse 
embryonic fibroblasts. 
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  23 
 
Chapter Summary 
 
The highly homologous beta (βcyto) and gamma (γcyto) cytoplasmic actins 
are hypothesized to carry out both redundant and unique essential functions, but 
studies using targeted gene knockout and siRNA mediated transcript knockdown 
to examine βcyto- and γcyto-isoform specific functions in various cell types have 
yielded conflicting data. Here, we quantitatively characterized actin transcript and 
protein levels as well as cellular phenotypes in both gene- and transcript-targeted 
primary mouse embryonic fibroblasts. We found that the smooth muscle αsm-actin 
isoform was the dominantly expressed actin isoform in WT primary fibroblasts, and 
was also the most dramatically upregulated in primary βcyto-, or β/γcyto-actin double 
knockout fibroblasts. Gene targeting of βcyto-actin, but not γcyto-actin, led to greatly 
decreased cell proliferation, decreased levels of cellular ATP, and increased serum 
response factor signaling in primary fibroblasts while immortalization induced by 
SV40 largeT antigen supported fibroblast proliferation in the absence of βcyto-actin. 
Consistent with in vivo gene targeting studies in mice, both gene and transcript 
targeting approaches demonstrate that the loss of βcyto-actin protein is more 
disruptive to primary fibroblast function than is the loss of γcyto-actin.    
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Introduction 
 
Vertebrate actin isoforms, which are encoded by six different genes, share 
a very high degree of sequence homology and are completely conserved from 
birds to mammals (Rubenstein, 1990). Four of the actin isoforms are 
predominately expressed in smooth (αsm- and γsm-actin), cardiac (αca-actin) and 
skeletal muscles (αsk-actin). The two cytoplasmic actins (βcyto- and γcyto-actin) are 
ubiquitously expressed in all cell types and differ at only 4 out of 375 amino acids. 
Despite the remarkable conservation between the βcyto- and γcyto-actin sequences, 
purified recombinant βcyto- and γcyto-actin proteins display marked differences in 
dynamics in vitro (Bergeron et al., 2010). Furthermore, numerous studies of 
transcript/protein localization, protein overexpression and disease-causing 
mutations have established a strong argument for unique functions supported by 
βcyto- or γcyto-actin (Khaitlina, 2001, Condeelis and Singer, 2005, and Rubenstein 
and Wen, 2014). More recently, gene targeting studies have been employed to 
test for non-overlapping functions of actin isoforms (Perrin and Ervasti, 2010). With 
regard to closely related βcyto- and γcyto-actins, the embryonic lethality of mice 
homozygous for severely hypomorphic (Shawlot et al., 1998; Shmerling et al., 
2005a), or null alleles of Actb (Bunnell and Ervasti, 2011) demonstrated that βcyto-
actin is an essential gene.   In contrast, γcyto-actin null animals survive to term but 
display significant perinatal lethality, stunted growth, and decreased survival into 
adulthood (Belyantseva et al., 2009; Bunnell and Ervasti, 2010). The distinct 
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auditory hair cell and deafness phenotypes in mice in which floxed Actb and Actg1 
alleles were selectively ablated also support unique roles for βcyto- and γcyto-actin 
in some tissues (Perrin et al., 2010; Perrin et al., 2013). On the other hand, mice 
with skeletal muscle-specific knockouts of either βcyto-, or γcyto-actin each develop 
a similar myopathy with progressive myofiber degeneration/regeneration and 
muscle weakness (Prins et al., 2011; Sonnemann et al., 2006) supporting that 
some functions of βcyto- and γcyto-actins are redundant in some tissues.  
  We previously investigated the isoform-specific functions of βcyto- and γcyto-
actin in primary mouse embryonic fibroblasts (MEFs) from Actg1-/- animals 
(Bunnell and Ervasti, 2010; Bunnell et al., 2011) and from mice with floxed Actb 
alleles conditionally ablated by tamoxifen-inducible Cre recombinase (Bunnell et 
al., 2011). γcyto-Actin null MEFs showed mild growth impairment and a small 
decrease in cell viability, but were otherwise comparable to control cells in all other 
parameters tested (Bunnell and Ervasti, 2010; Bunnell et al., 2011). In contrast, 
βcyto-actin knockout MEFs exhibited a wide range of more severe phenotypes 
(Bunnell et al., 2011). Ablation of βcyto-actin resulted in severe growth impairment 
and an increase in the percentage of multinucleate cells, suggesting a specific role 
for βcyto-actin in cell growth and division (Bunnell et al., 2011) as previously 
supported by localization of βcyto-actin to the cleavage furrow and contractile ring 
during cell division (Dugina et al., 2009). Furthermore, βcyto-actin knockout cells 
exhibited significant migration defects that were not observed in γcyto-actin null 
cells. The altered expression of genes that regulate the cell cycle and cell migration 
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observed in βcyto-actin, but not γcyto-actin knockout MEFs, provided a potential 
explanation for the more severe phenotypes in βcyto-actin knockout cells and early 
lethality in βcyto-actin knockout embryos (Bunnell et al., 2011). Also interesting, 
βcyto-actin knockout MEFs exhibited some characteristics reminiscent of 
myofibroblasts, such as an increase in stress fibers and greatly elevated 
expression of αsm-actin (Bunnell et al., 2011).  
In contrast to our results, four studies have reached different conclusions 
that warrant further investigation. One study of immortalized βcyto-actin knockout 
MEF lines transformed by SV40 largeT antigen (Tondeleir et al., 2012) reported 
altered morphology, impaired migration and upregulation of αsm-actin similar to 
what we observed in primary Actb null MEFs (Bunnell et al., 2011), but with no 
impairment of cell growth. Two studies using small interfering RNA (siRNA) 
methodologies reported that knock down of γcyto-actin more dramatically impaired 
motility in human subcutaneous fibroblasts, spontaneously immortalized 
keratinocytes, and neuroblastoma SH-EP cells than did knock down of βcyto-actin 
(Dugina et al., 2009; Shum et al., 2011). Most notably, the fourth study 
demonstrated specific upregulation of myofibroblast-associated gene products 
(including αsm-actin) after siRNA knock down of γcyto-actin, but not βcyto-actin, in 
several epithelial cell lines (Lechuga et al., 2014). While differences in 
methodologies and cell types studied are obvious explanations for the different 
outcomes, Lechuga and colleagues further speculated that the different results 
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could depend on whether the ablated actin isoform was also the most abundant in 
the cell type under investigation (Lechuga et al., 2014).  
To address the bases for differences between ours (Bunnell and Ervasti, 
2010; Bunnell et al., 2011) and others (Dugina et al., 2009; Lechuga et al., 2014; 
Shum et al., 2011; Tondeleir et al., 2012) studies, we quantitatively profiled actin 
isoforms at both the transcript and protein level. Because MEFs display extensive 
developmental and phenotypic heterogeneity (Singhal et al., 2016), we employed 
adenovirus-5 mediated expression of Cre recombinase (Ad5-Cre) to ablate Actb 
and/or Actg1 in both primary and Large T antigen immortalized MEFs controlled 
against the same MEFs infected with Ad5-GFP. αsm-Actin and βcyto-actin 
transcripts predominated in primary MEFs, while αsm-actin was most abundant at 
the protein level, with equivalent levels of βcyto- and γcyto-actin protein expressed 
despite their marked differences in transcript levels. We also found that 
immortalization by transformation with SV40 largeT antigen appears to negate the 
essentiality of Actb observed in primary MEFs. Finally, siRNA-mediated transcript 
knockdown of Actb and Actg1 in the same cells used for gene targeting studies 
yielded similar results as those observed after gene targeting. We conclude that 
the genetic reprogramming associated with immortalization by transformation with 
SV40 largeT antigen can markedly influence the cellular response to βcyto- and 
γcyto-actin protein ablation.    
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Results 
 
Adenoviral Cre mediated knock-out of Actb and Actg1.  
Because primary MEFs display extensive developmental and phenotypic 
heterogeneity (Singhal et al., 2016), each of our biological replicates consisted of 
E13.5 primary MEFs obtained from a single mouse embryo carrying floxed alleles 
of either Actb (ActbL/L, Bunnell and Ervasti, 2011; Perrin et al., 2010), Actg1 
(Actg1L/L,Sonnemann et al., 2006), or both Actb and Actg1 (ActbL/L Actg1L/L).   
MEFs from each animal were split into two pools that were treated with Ad5-GFP 
(Figure 1A) as a negative control, or with Ad5-Cre (Figure 1B) to conditionally 
knock out Actb (βcyto-actin KO), Actg1 (γcyto-actin KO), or both Actb and Actg1 
(dKO). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 
analysis showed that Actb and Actg1 transcripts were reduced 95% by 3dpi in βcyto-
actin KO, γcyto-actin KO and dKO MEFs compared to controls (Figure 1C-F). 
Western blot analysis revealed that βcyto- and γcyto-actin were each undetectable at 
5dpi in single βcyto-actin KO or γcyto-actin KO cells, respectively (Figure1G, H). In 
contrast, complete loss of βcyto- and γcyto-actin in dKO cells was observed at 9dpi 
(Figure 1I). Thus, Ad5-Cre was an efficient and robust method to eliminate both 
βcyto-and γcyto-actin transcripts and proteins in primary MEFs.     
 
β-Actin KO MEFs are growth impaired with reduced ATP levels.  
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   We previously showed that tamoxifen-induced, cre-mediated ablation of 
βcyto-actin caused significant growth impairment in primary MEFs while only a 
modest decrease in cell growth was observed in Actg1-/- MEFs (Bunnell and 
Ervasti, 2010; Bunnell et al., 2011).   However, our previous experiments involved 
different methods of gene ablation for Actb and Actg1 and compared knockout 
MEFs with controls derived from different embryos (Bunnell and Ervasti, 2010; 
Bunnell et al., 2011). Therefore, we more directly compared the effects of βcyto- 
versus γcyto-actin gene ablation on cell growth using βcyto-actin KO and γcyto-actin 
KO MEFs.   Under these more controlled conditions, γcyto-actin KO MEFs exhibited 
a normal growth rate, while both βcyto-actin KO and dKO MEFs displayed growth 
impairment by 3dpi that became significantly different from controls at 7dpi (Figure 
2). Because growth deficiency was not previously observed in MEFs ablated for 
βcyto-actin expression after transformation by SV40 largeT antigen (Tondeleir et al., 
2012), we immortalized ActbL/L, Actg1L/L and double ActbL/L Actg1L/L MEFs by 
transformation with SV40 largeT antigen and measured cell growth after infection 
with either Ad5-Cre or Ad5-GFP. Both SV40 largeT antigen immortalized βcyto-actin 
KO and γcyto-actin KO MEFs exhibited growth rates not different from controls 
(Supplemental figure 1A-B), suggesting that βcyto-actin is important for cell growth 
in primary MEFs, but not in MEFs transformed by SV40 largeT antigen. In contrast, 
SV40 largeT antigen immortalized dKO MEFs displayed growth impairment that 
was significantly different from control at 8-10dpi (Supplemental figure 1C), but 
less severe than in primary MEFs, suggesting that MEFs immortalized by SV40 
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largeT antigen transformation are able to circumvent the essential function 
supported by βcyto-actin in primary cells and during embryonic development.    
To assess whether growth deficiencies seen in βcyto-actin KO and dKO MEFs could 
potentially be due to decreases in energy availability, we utilized a luciferase-
based assay to measure the relative levels of cellular ATP in βcyto-actin KO, γcyto-
actin KO and dKO MEFs. Correlating with the deficiencies seen in growth, ATP 
levels were significantly decreased in βcyto-actin KO and dKO MEFs compared to 
controls, but not in γcyto-actin KO MEFs (Figure 3A). However, western blot 
analysis demonstrated that a number of proteins in the mitochondrial electron 
transport chain complexes were equivalent across the MEF lines tested (Figure 
3B-C), as were basal and maximal oxygen consumption rates measured in βcyto-
actin KO and γcyto-actin KO MEFs using a Seahorse XF24 extracellular flux 
analyzer (Figure 3D). Therefore, we conclude that the measured decreases in 
cellular ATP are not due to impaired mitochondrial function in βcyto-actin KO and 
dKO MEFs.    
 
Quantitation of actin isoform transcript and protein levels in primary MEFs.  
qRT-PCR was used to measure transcript levels for all six actin isoforms in 
control, βcyto-actin KO, γcyto-actin KO and dKO MEFs after 5dpi. The amount of 
transcript for each actin isoform in MEFs was calculated from standard curves that 
were amplified in parallel (Supplemental figure 2-2 A-F). In all control MEFs, αsm- 
and βcyto-actins were the dominant transcripts (Figure 2-4 A-C), in contrast to 
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NIH3T3s fibroblasts cultured under the same conditions, where βcyto-and γcyto-
actins were the predominant transcripts (Supplemental figure 2-3 A). αsm-Actin was 
the only actin transcript significantly upregulated in βcyto-actin KO MEFs (Figure 
4A) while both αsm- and βcyto-actins transcripts were upregulated in γcyto-actin KO 
MEFs (Figure 2-4 B). Similar to βcyto-actin KO MEFs (Figure 2-4 A), αsm-actin was 
the only transcript significantly upregulated in dKO MEFs (Figure 2-4 C). The high 
levels of αsm-actin transcript suggest a myofibroblast-like phenotype in the primary 
MEFs that was enhanced to a greater extent by ablation of Actb over Actg1.  
  Since αsm-, βcyto- and γcyto- were the most abundant actin transcripts in 
primary MEFs, we measured αsm-, βcyto- and γcyto-actin protein levels in both control 
and KO MEFs via quantitative Western blot analysis at 5dpi in each single KO and 
at 9dpi in the dKO using purified αsm-, βcyto- and γcyto-actin proteins as standards. 
αsm-Actin was the most abundant actin isoform protein expressed, while βcyto- and 
γcyto-actin proteins were expressed to similar levels in all control MEFs (Figure 2-5 
B-D). Consistent with transcript analysis (Supplemental figure 2-3 A), βcyto- and 
γcyto-actin were the dominant actin proteins expressed in NIH3T3 fibroblasts 
cultured under the same conditions (Supplemental figure 2-3 B). In βcyto-actin KO 
MEFs, αsm-actin protein was dramatically increased by 6 fold over controls, but 
γcyto-actin protein was not significantly increased (Figure 2-5 A-B). In γcyto-actin KO 
MEFs, αsm-actin protein was upregulated by 1.7 fold while βcyto-actin protein was 
not significantly increased (Figure 2-5 A, C). αsm-Actin protein was also significantly 
upregulated by 7 fold in dKO MEFs (Figure 2-5 A, D). Thus, αsm-actin was 
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prominently expressed in all control primary MEFs and more dramatically 
upregulated upon ablation of Actb compared to Actg1, suggesting that primary 
MEFs may be predisposed to a myofibroblast-like phenotype that can be most 
enhanced by selective perturbation of Actb.   Also interesting, βcyto-actin transcript 
was expressed six-fold higher than γcyto-actin transcript in all control MEFs, yet the 
ratio of βcyto-actin protein to γcyto-actin protein was 1:1 (Figure 2-6 A-C). The 
unequal transcript-to-protein ratio supports other studies concluding that Actb and 
Actg1 gene expression are differentially regulated post-transcriptionally 
(Hüttelmaier et al., 2005; Zhang et al., 2010).  
 
siRNA mediated knockdown of Actb andActg1.  
  Since other studies reporting results different from ours used siRNA 
approaches to knock down (KD) Actb and Actg1 transcripts and proteins (Dugina 
et al., 2009; Lechuga et al., 2014; Shum et al., 2011), we assessed how siRNA-
mediated KD of βcyto- and/or γcyto-actin in ActbL/L (βcyto-actin KD), Actg1L/L (γcyto-
actin KD), and ActbL/L Actg1L/L (β/γcyto-actin dKD) primary MEFs impacted cell 
phenotype. On average, we were able to specifically KD βcyto-actin protein by 70% 
and γcyto-actin protein by 55% when compared to controls. In dKD MEFs, βcyto-actin 
protein was reduced by 65% and γcyto-actin protein was reduced by 55% (Figure 
2-7 A). Quantitative Western blot analysis showed that αsm-actin protein was 
dramatically increased 9-fold in βcyto-actin KD cells, over controls, but γcyto-actin 
protein was not significantly increased (Figure 2-7 A-B). In γcyto-actin KD cells, 
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neither αsm-actin protein nor βcyto-actin protein was significantly increased (Figure 
2-7 A, C). αsm-Actin protein was also significantly upregulated 4-fold in β/γcyto-actin 
dKD cells (Figure 2-7 A, D). Thus, both siRNA mediated transcript KD and cre 
mediated gene KO gave similar results in primary MEFs.    
 
Actb gene ablation enhances some myofibroblast-like phenotypes of primary 
MEFs. 
In response to a variety of perturbations (Davis and Molkentin, 2013; Small, 
2012), fibroblasts often differentiate into smooth muscle-like cells called 
myofibroblasts via a process called the fibroblast to myofibroblast transition (FMT). 
In addition to increased αsm-actin expression, another hallmark of myofibroblasts 
is increased stress fiber formation (Davis and Molkentin, 2013; Small, 2012), which 
we observed in βcyto-actin KO, γcyto-actin KO and dKO MEFs, compared to controls 
(Figure 2-8 A-F). To quantify the change in the stress fibers of KO MEFs, line scans 
across the cell width were made (Figure 2-8 G). Peak-to-valley ratios were taken 
as an average measure of the fluorescence intensity of the stress fibers (Figure 
8H). All KO cell types displayed significant elevation in the average peak-to-valley 
ratios, indicating increased stress fiber formation (Figure 2-8 A-F). Because 
caldesmon, calponin and transgelin proteins have been shown to be upregulated 
during epithelial to myofibroblast transition (Lechuga et al., 2014), we measured 
their protein levels in addition to myosin light chain 2 and phosphorylated myosin 
light chain 2 protein levels in control and knock out MEFs. Caldesmon expresses 
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a higher molecular weight isoform in smooth muscle cells (Cald1sm) than in non-
smooth muscle cells (Frid et al., 1992; Ueki et al., 1987). In agreement with our 
previously published data (Bunnell et al., 2011), Cald1sm was upregulated in βcyto-
actin KO, γcyto-actin KO and dKO primary MEFs, though more so in βcyto-actin KO 
MEFs than γcyto-actin KO MEFs (Figure 2-9 A-D). In contrast, none of the other 
myofibroblast marker proteins interrogated were significantly upregulated (Figure 
9A-D). siRNA-treated primary MEFs showed similar upregulation of Caldsm in KD 
MEFs (Supplemental figure 2-4 A-D). Thus, increased stress fiber formation and 
expression of Cald1sm suggests that ablation of Actb enhances a partial 
myofibroblast-like phenotype in primary MEFs.    
  Finally, actin dynamics are known to play a role in myofibroblast 
differentiation via the serum response factor (SRF)/myocardin-related transcription 
factor (MRTF) gene regulatory pathway (Small, 2012). Therefore, we investigated 
whether either SRF or MRTF-A protein expression, and SRF activity, was 
perturbed when cytoplasmic actins were ablated. In all knockout MEFs, SRF 
protein levels were not significantly altered compared to controls (Figure 2-10 A, 
C). MRTF-A protein level was downregulated in all gene knockout MEFs, which 
was significant in dKO MEFs (Figure 2-10 A-B). Similar results were observed in 
siRNA KD MEFs (Supplemental figure 2-5 A-B). Although no drastic changes in 
protein expression were observed, SRF activity was significantly increased by 6-
fold in both βcyto-actin KO and dKO MEFs compared to controls. SRF activity 
increased by 2-fold in γcyto-actin KO MEFs, although this increase was not 
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significantly different from controls. Our data suggest that Actb knockout more 
significantly and specifically impacts the SRF/MRTF gene regulatory pathway than 
does the loss of Actg1.  
 
  36 
Discussion 
 
βcyto-actin is thought to be an essential protein based on the early 
embryonic lethality observed in Actb gene-targeted mice (Bunnell et al., 2011; 
Shawlot et al., 1998; Shmerling et al., 2005b).  In addition, many cell biological 
studies provide further compelling support to the essentiality of βcyto-actin in a 
wide array of cellular processes (Hofmann et al., 2004; Hu et al., 2004; 
Karakozova et al., 2006; Leung et al., 2006; Yao et al., 2006; Zhao et al., 1998). 
While γcyto-actin is clearly important in vivo, it is not essential given that Actg1 
null mice can survive up to 2 years (Belyantseva et al., 2009). Here we attempted 
to resolve the different results reported across a group of cell-based studies all 
seeking to elucidate the respective roles of βcyto- and γcyto-actin through ablation 
of protein expression using different targeting approaches in different cell types. 
Most vexing, βcyto-actin gene knockout in two studies caused essentially the 
same effects on cell motility and αsm-actin expression (Bunnell et al., 2011; 
Tondeleir et al., 2012) as those caused by γcyto-actin knockdown in three other 
studies (Dugina et al., 2009; Lechuga et al., 2014; Shum et al., 2011). Because 
gene and transcript targeting have been shown to cause strikingly different in 
vivo phenotypes for a number of loci (Rossi et al., 2015), we anticipated that 
actin gene knockout and transcript knockdown experiments carried out in the 
same cells would explain the discrepant results. Instead, we observed the same 
experimental outcomes whether siRNA-mediated transcript knockdown or Cre-
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mediated gene knockout were employed. As an alternative explanation for the 
discrepant results across studies (Bunnell et al., 2011; Dugina et al., 2009; 
Lechuga et al., 2014; Shum et al., 2011; Tondeleir et al., 2012), Lechuga and 
colleagues hypothesized that loss of the most abundantly expressed actin 
isoform may dictate a given cell type’s response to actin gene ablation (Lechuga 
et al., 2014). However, our quantitative western blot analysis demonstrated that 
βcyto- and γcyto-actin proteins were present in equal abundance in the primary 
MEFs studied here. We conclude that neither differences in actin isoform 
targeting method or endogenous protein levels can explain the dramatically 
different and often opposite results reported in the six studies from five different 
groups.  
Here (Figure 2-2) and previously (Bunnell et al., 2011), we measured 
dramatic cell proliferation defects with ablation of βcyto-actin in primary MEFs that 
could account for the embryonic lethality associated with Actb gene deletion 
(Bunnell et al., 2011; Shawlot et al., 1998; Shmerling et al., 2005b). We measured 
significantly decreased levels of cellular ATP associated with knockout of βcyto-
actin in the presence of apparently unaffected mitochondrial function (Figure 2-3). 
While the basis for decreased ATP levels in βcyto-actin knockout MEFs remains an 
interesting question for future studies, it will be challenging to answer given that 
ablation of functionally disparate genes in MEFs has been shown to impact cellular 
ATP levels independent of corresponding defects in mitochondrial respiration 
(Gautier et al., 2008; Giaime et al., 2012). We also found that immortalization 
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induced by transformation with SV40 largeT antigen rendered Actb nonessential 
for proliferation (Supplemental Figure 2-1). Although Tondeleir et al., 2012 
previously noted that cell survival was not impaired in their Actb null MEFs 
immortalized by transformation with SV40 largeT antigen, a more recent study 
reported a general delay in cell cycle progression, impaired colony growth and 
reduced proliferation rate in the same cell line (Almuzzaini et al., 2016). While we 
cannot exclude other effects of transformation with SV40 largeT antigen, cell 
immortalization has been associated with substantial changes in gene expression 
(Gordon et al., 2014; Kuo et al., 2012). A recent comparison of primary and 
spontaneously immortalized MEFs reported almost 2,000 transcripts that were up- 
or down-regulated by 3-fold (Kuo et al., 2012). Other studies have demonstrated 
that immortalization can significantly impact cell behavior both in the absence 
(Vasioukhin et al., 2000), or presence of subsequent perturbations (Wade et al., 
2002), and even after reversal (Wang et al., 2014). In one highly cited study, 
primary epithelial cells form prominent “adhesion zippers” that become challenging 
to detect after immortalization (Vasioukhin et al., 2000). Moreover, the essential 
role for p27 in mediating the growth-inhibitory effects of vitamin D in mouse 
knockout models and primary MEFs was not recapitulated in immortalized MEFs 
(Wade et al., 2002). Given the unpredictable effects of immortalization and 
transformation on cell biological function, we suggest that primary MEFs more 
appropriately model the embryonic lethality associated with Actb gene ablation in 
mice.    
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We measured striking differences between the ratios of βcyto to γcyto-actin 
transcript versus protein in primary MEFs: βcyto-actin transcript was 6-fold greater 
than γcyto-actin transcript, yet βcyto- and γcyto-actin protein levels were equivalent 
(Figure 6). βcyto-actin translation is more rapid than γcyto-actin (Zhang et al., 2010) 
and also tightly regulated via an RNA regulatory sequence in its 3’UTR named the 
“zipcode” (Hüttelmaier et al., 2005; Kislauskis et al., 1993; Ross et al., 1997).   
Because βcyto-actin protein is the more dynamic of the two cytoplasmic actin 
isoforms (Bergeron et al., 2010), it is tempting to speculate that the greater 
abundance of the βcyto-actin transcript is maintained for rapid translation and 
dynamic cytoskeletal rearrangement. However, the similar levels of βcyto- and γcyto-
actin protein (Figure 2-6) and similar rates of decay after gene ablation in primary 
MEFs (Figure 2-1) suggest that βcyto-actin transcript may play some additional 
function in cells independent of its role as a template for translation. As one 
possibility, the large pool of Actb transcript may serve to buffer miRNAs important 
in regulating the expression of other genes important for cell proliferation, motility, 
and/or differentiation. Of the more than 20 different miRNA binding sites 
collectively predicted by TargetScan, microRNA.Org, and PicTar to be present in 
the 3’ UTR of the Actb transcript but absent from Actg1 (Supplemental table 2-1), 
only mir-205 was identified by all three programs while mir-1 and mir206 were 
identified by two of three algorithms. Interestingly, mir-1, mir-205 and mir-206 have 
all been previously hypothesized to function as tumor suppressors based on 
experiments demonstrating a correlation between growth inhibition with miRNA 
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overexpression (Hudson et al., 2012; Jalali et al., 2012; Liu et al., 2012; Koshizuka 
et al., 2016), or increased proliferation after miRNA inhibition (Jalali et al., 2012). 
Of further relevance to our study, overexpression of mir-1, mir-205 and mir-206 
also was associated with significantly decreased cell motility, increased expression 
of αsm-actin and calponin, and perturbations in actin cytoskeletal dynamics 
(Hudson et al., 2012; Jalali et al., 2012; Liu et al., 2012). We speculate that ablation 
of Actb transcript could indirectly drive similar phenotypic changes by freeing up 
normally sequestered miRNAs. Finally, differential miRNA binding may not be 
required to explain different phenotypic outcomes for Actb versus Actg1 transcript 
ablation. The miRNA mir-145 is predicted to bind both Actb and Actg1 and is 
important in smooth muscle cell proliferation and differentiation (Cordes et al., 
2009) so it is possible that more abundant Actb transcript could play the dominant 
role in sequestering mir-145 during development.    
Finally, the differentiation status and/or tissue origin of cells utilized may 
also account for some of the differences between studies (Bunnell et al., 2011; 
Dugina et al., 2009; Lechuga et al., 2014; Shum et al., 2011; Tondeleir et al., 2012). 
While Actb and/or βcyto-actin are essential during relatively early stages of 
embryonic development (Bunnell et al., 2011; Shawlot et al., 1998; Shmerling et 
al., 2005b), neither is specifically required for later stage development of more 
differentiated auditory hair cells (Perrin et al., 2010), neurons of the peripheral 
(Cheever et al., 2011) or central (Cheever et al., 2012) nervous systems, or 
skeletal muscle (Prins et al., 2011; Sonnemann et al., 2006). These data suggest 
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that cells transition from an Actb-essential state to an Actb-important state as 
development and differentiation progress in vivo. Clearly, the challenge remains to 
define the in vivo biological process modeled by any particular cell in culture.    
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Materials and Methods 
 
Cell Culture 
 Primary MEFs were cultured from E13.5 Actb L/L, Actg1L/L and double 
ActbL/L/Actg1L/L mouse embryos as described previously (Bunnell and Ervasti, 
2010). Cells were grown to 80% confluency on 10-cm plates and frozen down at 
passage 1 at 1x106 cells/mL in MEF freezing media (DMEM supplemented with 
10% FBS, 1% Pen/Strep, 0.5ug/mL Fungizone and 5% dimethyl sulfoxide). 
Primary MEFs were immortalized by transformation with SV40 largeT antigen 
expression, which was incorporated into the genome via the piggyBac transposase 
system. MEFs from individual embryos were thawed, cultured in MEF media 
(DMEM supplemented with 10% FBS, 1% Pen/Strep, 0.5ug/mL Fungizone), grown 
to 80% confluency, split into two culture dishes and treated with either Ad5-GFP 
control virus (Ad5CMV-hrGFP) or Ad5-Cre (Ad5CMV-Cre-eGFP) virus purchased 
from The University of Iowa Viral Vector Core following their Adenovirus Adfection 
Protocol (http://www.medicine.uiowa.edu/vectorcore).    
 
SiRNA transfection 
 MEFs from individual embryos were thawed, grown to 80% confluency, 
split into two culture dishes and treated with either control or βcyto- and/or γcyto-actin 
ONTARGETplus siRNAs purchased from Dharmacon following their protocol.  
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(http://dharmacon.gelifesciences.com/uploadedFiles/Resources/basic-
dharmafect-protocol.pdf) See supplemental methods for siRNA sequences.  
  
SRF Luciferase Activity Assay 
 ActbL/L, Actg1L/L and double ActbL/LActg1L/L MEFs from individual embryos 
were treated with either Ad5-GFP or Ad5-Cre. sKO at 3dpi and dKO at 7dpi were 
nucleofected (Amaxa® Nucleofector® II) with PGL3-Basic-luc (control) or PGL3-
FHL2_145-luc (Four and a half LIM domain protein-2) promoter (SRF reporter) 
constructs (Schmidt et al., 2012), generously provided by Dr. Hannelore V. 
Heemers. Two days post nucleofection, at 5dpi for sKO and 9dpi for dKO, cells 
were lifted and hand counted using a hematocytometer. Equal numbers of cells 
between Ad5-GFP and Ad5-Cre treated MEFs were washed with PBS and 
processed based on manufacture protocols (Dual-Luciferase® Reporter Assay, 
Promega). Aliquots (20µL) of cleared processed lysates were used to determine 
SRF luciferase activity (BioTek Synergy 4 spectrometer with Gen5 2.07 software).  
 
Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
 Mouse actin isoform cDNAs were amplified from WT MEFs by PCR using 
the primers listed in the supplemental methods and cloned into pENTR™/D-TOPO 
vector (Life Technologies) to generate a control construct for each actin isoform. 
Each actin isoform qRT-PCR primer set, listed in the supplemental methods, was 
tested for amplification of all control constructs to assess primer specificity. Total 
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RNA was extracted from Actb L/L, Actg1L/L and double ActbL/L/Actg1L/L MEF 
samples using the Biorad-Aurum ™ Total RNA Mini Kit following the 
manufacturer’s instructions. RNA concentration and purity (260/280 ratio) were 
determined using a NanoDrop spectrophotometer (Wilmington, DE). First-strand 
cDNA was synthesized with a Biorad-iScript Advanced cDNA Synthesis Kit for 
qRT-PCR using the same initial RNA amount (1ug) for all samples. Individual 
control constructs, were used in a 10-fold dilution to generate a standard curve, 
and MEF samples were amplified in parallel with each specific qRT-PCR primer 
set using Biorad -SsoAdvanced Universal SYBR polymerase on the Biorad-CFX96 
Real Time System C1000 Touch Thermal Cycler to profile each actin isoform 
transcript amount (pmol).    
 
Actin Isoforms 
  Platelet non-muscle actin (βcyto- and γcyto-actin) was purchased from 
Cytoskeleton, Inc. (Denver, CO). Recombinant γcyto- and αsm-actin were expressed 
in the Bacto-Bac insect cell-expression system and purified as previously 
described (Perrin et al., 2013). Protein concentrations were determined using a 
NanoDrop spectrophotometer (Wilmington, DE). Contamination of recombinant 
γcyto- and αsm-actins by insect cell actin was measured by ESI mass spectrometry 
acquired using a QSTAR Pulsar i (Applied Biosystems, Inc., Foster City, CA) 
quadrupole-TOF (time-of-flight) mass spectrometer equipped with a turbo-ESI 
source. Protein samples were loaded directly in 50% Acetonitrile and 0.1% formic 
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acid. The ion spray voltage was 1000 V, the TOF region acceleration voltage was 
4 kV, and the injection pulse repetition rate was 7.0 kHz. External calibration was 
performed using renin  
(monoisotopic mass [MH3+] 586.9830 and [MH2+] 879.9705; Sigma-Aldrich, St. 
Louis, MO). Mass spectra were summed and averaged over the injection peak. 
Deconvolution of the charge envelope was performed with the Bioanalyst, 
AnalystQS software package (ABI).    
 
Western Blotting 
  For western blot quantitation of actin isoforms against a standard curve, 
Total MEF protein was extracted with 1%SDS buffer in 1xPBS and a cocktail of 
protease inhibitors (Aprotinin 100uM, Benzamide 0.79mg/mL, E-64 10nM, 
Leupeptin 10uM, Pepstatin 0.1mg/mL, PMSF 1mM), sonicated (Model 150V/T 
Ultrasonic homogenizer, BioLogics, Inc.), boiled and centrifuged to remove the 
insoluble fraction. An increasing amount (25-300ng) of purified actin protein and 
all MEF samples were run on the same blot to ensure consistency. LiCor 
fluorescent signal verses purified actin protein amount (ng) was used to generate 
a standard curve, in order to calculate specific actin isoform concentration 
(Supplemental Figure 2-6; ng protein/µL of total lysate). All samples were western 
blotted with β-actin (AC-15; Sigma-Aldrich), γ-actin (mAb 117; and αsm-actin (A14; 
Sigma-Aldrich). For comparisons of relative immunoreactivities, equal amounts of 
cleared total MEF lysate protein (25µg) were blotted with antibodies to 
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Caldesmon1 (Cat #2980, Cell signaling), SM22 (ab14106; Abcam), Calponin 
(ab46794; Abcam), SRF (G-20; Santa Cruz), MRTF-A (H-140; Santa Cruz), 
MTOC1 (ab14705; Abcam), SDHA (ab14715; Abcam), UQCR (ab110252; 
Abcam), ATP5A (ab14748; Abcam), MLC2 (ab48003; abcam), MLC2 (phosphor 
S20) (ab2480; abcam), and GAPDH (G9545 or G8795; Sigma-Aldrich) was used 
as loading control.  
 
Cell Fixation and Staining 
 MEFs cultured for 6 to 8 days post infection (DPI) with either Ad5-GFP or 
Ad5-CRE were plated on [5ug/ml] fibronectin-coated coverslips at a density of 
1x104 cells per coverslip and incubated in MEF culturing media. The following day, 
cells were fixed with fresh 4% paraformaldehyde in PBS for 15min at room 
temperature. To stain actin filaments, fixed cells were treated with a 0.2% Triton 
X-100 and 16.5nM Phalloidin (Life Technologies A22285) in PBS for 30 minutes 
at room temperature. Coverslips were mounted in Prolong (Life Technologies 
P36931) mounting media.  
 
Cell Imaging and Quantification 
 Samples were imaged using a Delta Vision PersonalDV microscope under 
a 60x1.42 NA objective (GE Technologies). All cells were imaged with the same 
laser intensity and exposure time. The intensity of the stress fibers was quantified 
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from line scans across the widest part of the cell using ImageJ. The peaks and 
corresponding valleys were then determined (excluding the first peak which 
represents the edge of the cell).  
The average peak to valley ratio per cell was then plotted using GraphPad Prism.    
 
ATP Quantification 
 At 7 or 9 DPI, cells were lifted and counted. Equal number of CT and KO 
MEFs were lysed using boiling water (Yang et al., 2002). The lysate was spun at 
12,000xg for 5 min at 4°C and the supernatant was collected. Following the 
luciferase based ATP Determination Kit (A22066) protocol, the reaction solution 
(reaction buffer, DTT, D-luciferin, and firefly luciferase) was added to the cell lysate 
supernatant. After a 15 min incubation, ATP levels were determined using a 
BioTek Synergy 4 spectrometer with Gen5 2.07 software and quantified using an 
ATP standard ranging from 0nm-1µM.  
  
Analysis of cell growth 
 5x105 of MEFs/well were treated with either Ad5-GFP or Ad5-Cre. Samples 
were counted every other day beginning 1dpi, in duplicate, using a 
hematocytometer to generate growth curves.    
 
Oxygen Consumption 
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 Cells were plated in triplicate on fibronectin [5ug/ul] coated XF24 cell 
culture microplates (Seahorse Bioscience) at 5x104 cells per well 24 hours prior to 
the experiment. Mitochondrial function was examined using the Seahorse XF24 
extracellular flux analyzer and the cell mitochondrial stress assay (Seahorse 
Bioscience). Oligomycin [2ug/ml Final], FCCP (Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone) [0.5µM Final], and Antimycin A [4µM Final] 
were injected at time points throughout the experiment according to the company 
protocol (all compounds from Seahorse Bioscience). Oxygen consumption was 
measured at multiple points in between each injection and normalized to 
background controls.  
 
Statistics 
  For quantitative RT-PCR and quantitative Western blots; two-way ANOVA 
with a Bonferoni post-test was used on calculated amount of transcript (pmol) and 
protein (ng/uL of lysate) to determine statistics. For all relative Western blots; 
immuno-reactivity levels for all samples were normalized to GAPDH and relative 
to the paired embryo control, which was set at 1, and a One sample t-test was 
performed to evaluate statistics.     
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Figure 2-1 Adenoviral Cre efficiently ablated βcyto- and γcyto-actin in primary 
mouse embryonic fibroblasts. 
(A, B) Representative images of βcyto-actin CT and βcyto-actin KO cells at 7dpi. 
Scale bar is 20 µm. (C-F) Representative qRT-PCR analysis of βcyto- and γcyto-actin 
transcript amount (in pmol) in ActbL/L, Actg1L/L and ActbL/L Actg1L/L MEFs. (G-I) 
Representative relative Western blot analysis of MEF lysates probed with βcyto-
actin and γcyto-actin antibodies; GAPDH served as loading control. Experiments for 
panels C-I performed by Xiaobai Patrinostro. 
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Figure 2-2 βcyto-actin deficient MEFs were growth impaired. 
(A-C) Growth curve analysis of ActbL/L, Actg1L/L and ActbL/LActg1L/L MEFs treated 
with either Ad5-GFP or Ad5-Cre (n=3, hand counted in duplicate). (B). Asterisks 
denote *P<0.05, *** P<0.001. (Two-way ANOVA with Bonferoni post-test, error 
bars are s.e.m.). Experiments performed by Xiaobai Patrinostro. 
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Supplementary Figure 2-1 βcyto-actin sKO SV40 LargeT antigen 
immortalized MEFs were not growth impaired. 
(A) Representative Western blot of SV40 LargeT antigen transformed (T) CT and 
KO MEF lysates blotted with αsm-actin, βcyto-actin and γcyto-actin antibodies; 
GAPDH served as loading control. (B-D) Growth curve analysis of SV40 LargeT 
antigen transformed (T) CT and KO MEFs (n=3, hand counted in duplicate). 
Asterisks denote *P<0.05, *** P<0.001. (Two-way ANOVA with Bonferoni post-
test, error bars are s.e.m.). Experiments performed by Xiaobai Patrinostro. 
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(A) ATP levels for CT and KO MEFs determined through a luciferase assay at 7dpi. 
Results were normalized to cell number and relative to the paired embryo control 
(6≥n≥3). (B-C) Western blot and relative quantification of protein levels of 
Succinate Dehydrogenase Complex, Subunit A, Flavoprotein (SDHA) for Complex 
II; Ubiquinol-Cytochrome C Reductase Core Protein I (UQCR) for Complex III; 
Mitochondrially Encoded Cytochrome C Oxidase I (MTCO1) for Complex IV; and 
ATP5a ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 
(ATP5A) for the F1/F0 ATPase; GAPDH served as loading control. Levels were 
normalized to GAPDH and relative to the paired embryo control which was set at 
1 (n=3). (D) Oxygen consumption data for control and KO MEFs following 
treatment with various drugs. Asterisks denote **P<0.01, *** P<0.001.   (One 
sample T-test, error bars are s.e.m.). 
  
Figure 2-3 βcyto-actin deficient MEFs displayed lower ATP levels but 
maintained ETC protein abundance. 
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Supplementary Figure 2-2 Mouse actin isoform standard curves and primer 
specificity analysis. 
 (A-F) Representative standard curves generated using specific actin isoform 
primers with the corresponding control actin construct in a ten-fold dilution. (G) 
Representative graph of qRTPCR primer specificity. Each primer set was used to 
amplify all actin isoform control constructs to calculate relative quantity. Color bars 
represent individual actin isoform, y-axis denotes relative quantity, x-axis denotes 
primer set.  Experiments performed by Xiaobai Patrinostro.  
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Figure 2-4 αsm-actin transcript was upregulated in βcyto-actin ablated MEFs. 
(A-C) qRT-PCR analysis of six mouse actin isoforms in CT and KO MEFs at 5dpi 
(n=3, in triplicate). Calculated transcript amount (pmol) were calculated based on 
the standard curve, amplified in parallel. Asterisks denote *P<0.05, *** P<0.001 
(Two-way ANOVA with Bonferoni post-test, error bars are s.e.m). Experiments 
performed by Xiaobai Patrinostro.  
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Figure 2-5 αsm-actin protein was upregulated in cytoplasmic ablated MEFs. 
(A) Representative Western blot of CT and KO MEF lysates blotted with αsm-actin, 
βcyto-actin and γcyto-actin antibodies; GAPDH served as loading control. (B-D) qWB 
analysis of CT and KO MEF lysates (n=3). Calculated protein concentrations 
(ng/µL of lysate) were determined based on the standard curve blotted in parallel. 
Asterisks denote *P<0.05, **P<0.01, and *** P<0.001. (Two-way ANOVA with 
Bonferoni post-test, error bars are s.e.m.). Experiments performed by Xiaobai 
Patrinostro. 
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Supplementary Figure 2-3 βcyto- and γcyto-actin are the dominant actin 
isoforms in NIH3T3 fibroblast. 
(A) Actin isoform transcript profiling in NIH3T3 fibroblasts. Calculated transcript 
amount (pmol) were calculated based on the standard curve, amplified in parallel 
(n=1, in triplicate). (B) Representative Western blot of NIH3T3 fibroblast lysates 
blotted with αsm-actin, βcyto-actin and γcyto-actin antibodies; GAPDH served as 
loading control. Calculated protein concentrations (ng/µL of lysate) were 
determined based on the standard curve, blotted in parallel (n=1, in duplicate). 
Experiments performed by Xiaobai Patrinostro. 
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Figure 2-6 Unequal Actb/Actg1 transcript and protein ratios in primary 
MEFs. 
Calculated transcript and protein ratios between βcyto- and γcyto-actin in CT MEFs 
(n=3). Calculations were based on the qRT-PCR and qWB data; γcyto-actin was set 
at 1. Asterisks denote *** P<0.001 (One sample T-test, error bars are s.e.m.). 
Experiments performed by Xiaobai Patrinostro. 
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Figure 2-7 αsm-actin protein was upregulated in siRNA mediated βcyto-actin 
knocked-down MEFs. 
(A) Representative Western blot of CT and βcyto- and/or γcyto-actin KD MEF lysates 
3dpi for sKD and 4dpi for dKD blotted with αsm-actin, βcyto-actin and γcyto-actin 
antibodies; GAPDH served as loading control. (B-D) qWB analysis of control and 
KD MEF lysates (n=3). Calculated protein concentrations (ng/µL of lysate) were 
determined based on the standard curve, blotted in parallel. Triple asterisks denote 
P<0.001 (Two-way ANOVA with Bonferoni post-test, error bars are s.e.m). 
Experiments performed by Xiaobai Patrinostro. 
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Figure 2-8 βcyto- and/or γcyto-actin ablated MEFs displayed increased stress 
fiber thickness. 
(A-F) Representative images of phalloidin stained actin filaments in Ad5-GFP or 
Ad5-Cre treated primary Actb L/L, Actg1 L/L, and ActbL/LActg1L/L MEFs imaged at 7, 
7, and 9 DPI respectively. Scale bar is 20 µm. (G) Representative line scans of 
actin fluorescence across the dKO cells shown in E and F. Arrows denote sample 
valley and peak. (H) Quantification of differences between valley:peak ratios for all 
genotypes (n≥8). Asterisks denote *P<0.05, ***P<0.001 (Two-way ANOVA, error 
bars are s.e.m.).  
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Figure 2-9 Caldesmon smooth muscle isoform protein expression was 
upregulated in βcyto-actin deficient MEFs. 
(A) Representative Western blot analysis of CT and KO MEFs blotted with Cald, 
CNN1, and Sm22α, MLC2 and pMLC2; GAPDH served as loading control. (B-D) 
Relative protein expression were normalized to GAPDH and relative to the paired 
embryo control. Asterisks denote *P<0.05, *** P<0.001. (One sample T-test, error 
bars are s.e.m.). Experiments performed by Xiaobai Patrinostro. 
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Supplementary Figure 2-4 Cald1 and CNN1 protein expression are 
upregulated in βcyto-actin siRNA KD MEFs. 
(A) Representative Western blot analysis of CT and KD MEFs at 3dpi for sKD and 
4dpi for dKD blotted with Cald, CNN1, and Sm22α; GAPDH was used as loading 
control. (B-D) Relative protein expression were normalized to GAPDH and relative 
to the paired embryo control (n=3). (One sample T-test, error bars are s.e.m.). 
Experiments performed by Xiaobai Patrinostro.  
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Figure 2-10 SRF activity but not protein was upregulated in βcyto-actin 
ablated MEFs. 
(A) Representative Western blot analysis of CT and KO MEFs blotted with MRTF-
A and SRF; GAPDH served as loading control. (B-C) Relative protein expression 
was normalized to GAPDH and relative to the paired embryo control (n=3). (D) 
Calculated fold increase in SRF activity, via luciferase assay, in KO over CT MEFs 
(n=3). Asterisks denote   *P<0.05, **P<0.01 (One sample T-test, error bars are 
s.e.m.). Experiments performed by Xiaobai Patrinostro. 
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Supplementary Figure 2-5 MRTF-A protein expression is down regulated 
ion βcyto-actin KD MEFs. 
(A) Representative Western blot analysis of CT and KD MEFs at 3dpi for sKD and 
4dpi for dKD blotted with MRTF-A and SRF; GAPDH served as loading control. 
(B) Calculated relative protein expression were normalized to GAPDH and relative 
to the paired embryo control (n=3). Asterisk denotes *P<0.05 (One sample T-test, 
error bars are s.e.m.).  Experiments performed by Xiaobai Patrinostro. 
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Supplementary Figure 2-6 Representative quantitative Western blots. 
(A, C, E) β/γcyto-Actin CT and β/γcyto-Actin dKO, at 9dpi, from 3 separate embryos 
are blotted with αsm-, βcyto- and γcyto-actin antibodies. (B, D, F) β/γcyto-Actin CT - 
and β/γcyto-Actin dKD, at 4dpi, from 3 separate embryos blotted with αsm-, βcyto- and 
γcyto-actin antibodies. For αsm-actin Western blots, both KO and KD samples were 
diluted by at least 5-fold in order for the immune activity intensity to fit within the 
standard curve. An increasing amount of purified αsm-, βcyto- and γcyto-actins are 
blotted in parallel to generate a standard curve and used to calculate the amount 
of individual actin isoform in lysates.   Experiments performed by Xiaobai 
Patrinostro. 
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Chapter 3 : Impaired muscle relaxation and mitochondrial fission 
associated with genetic ablation of cytoplasmic actin isoforms. 
 
 
 
 
 
 
 
 
 
Allison O’Rourke performed all experiments except isolated muscle fiber 
respiration was done by Michael Tarpey and Espen Spangenberg. Whole body 
respiration experiments were done by the physiology core at the University of 
Minnesota. In vitro muscle physiology experiments were done with the help of 
Angus Lindsey. 
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Chapter Summary 
 
While α-actin isoforms predominate in adult striated muscle, skeletal 
muscle-specific knockouts of non-sarcomeric cytoplasmic βcyto- or γcyto-actin each 
cause a mild, but progressive myopathy effected by an unknown mechanism. 
Using transmission electron microscopy, we identified morphological abnormalities 
in both the mitochondria and the sarcoplasmic reticulum (SR) in aged muscle-
specific β- and γ-actin knockout mice.  We found β- and γ-actin proteins to be 
enriched in isolated mitochondrial associated membranes, which form signaling 
and mechanical links between the sarco-endoplasmic reticulum and mitochondria 
important for mitochondrial dynamics. Corresponding with an important role for 
actin in mitochondrial dynamics, we measured significantly elongated and 
interconnected mitochondrial morphologies associated with a significant decrease 
in mitochondrial fission events in primary mouse embryonic fibroblasts (MEFs) 
lacking βcyto- and/or γcyto-actin.  Interestingly, mitochondrial respiration in muscle 
was not detectably affected as oxygen consumption by skeletal muscle fibers from 
12 month-old muscle-specific βcyto- and γcyto-actin knockout mice were similar.  
Instead, the maximal rate of relaxation after isometric contraction was significantly 
slowed in muscles of 12 month-old βcyto- and γcyto-actin muscle-specific knockout 
mice, which suggests that impaired Ca2+ re-uptake may presage development of 
the observed SR morphological changes in older mice while providing a potential 
pathological mechanism for the observed myopathy.  
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Introduction 
 
While abundantly expressed skeletal (αsk-actin) and cardiac (αca-actin) 
actins are essential constituents of sarcomeric thin filaments in adult striated 
muscle (Crawford et al., 2002; Kumar et al., 1997), non-sarcomeric cytoplasmic 
actins (βcyto- and γcyto-actin) are the predominant isoforms in myoblasts (McHugh 
et al., 1991; Schwartz and Rothblum, 1981) and have been implicated in several 
key steps of myogenesis during development (Duan and Gallagher, 2009; Lloyd 
et al., 1992; Nowak et al., 2009b; Peckham, 2008).  After myogenesis, very low 
levels of βcyto- and γcyto-actin remain in adult skeletal muscle and localize to a 
membrane-associated extrasarcomeric cytoskeleton that includes the 
subsarcolemmal costamere, (Craig and Pardo, 1983; Otey et al., 1988; Prins et 
al., 2011; Rybakova et al., 2000) regions of the sarcoplasmic reticulum (SR) 
flanking the Z-disk, and mitochondria (Craig and Pardo, 1983; Gokhin et al., 2010; 
Kee et al., 2004).   
Several studies have shown that γcyto-actin colocalizes with isoforms of 
ankyrin, tropomyosin and tropomodulin at the extrasarcomeric cytoskeleton 
(Almenar-Queralt and Lee, 1999; Ayalon et al., 2008; Gokhin et al., 2010; Kee et 
al., 2004).  Knockout of the tropomyosin isoform TM5NM1 (Vlahovich et al., 2009), 
or disruption of tropomodulin 3 (Tmod3) localization as a result of tropomodulin 1 
(Tmod1) knockout (Gokhin and Fowler, 2011) both perturb the peri-Z-disk 
elements with associated defects in triad morphology and excitation-contraction 
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coupling. Knockdown of clathrin heavy chain was shown to drive γcyto-actin 
displacement from the sarcolemma and loss of contractile force presumably due 
to uncoupling of myofibrils from costameres (Vassilopoulos et al., 2014). A recent 
proteomic study reported that γcyto-actin was found in an isolated complex 
containing four-and-a-half LIM domain protein 1 (FHL1) protein (Wang et al., 
2013), while gene knockout of FHL1 causes a progressive skeletal myopathy 
associated with sarcoplasmic reticulum and mitochondrial disorganization in mice 
(Domenighetti et al., 2014).   Collectively, these studies suggest that non-
sarcomeric cytoplasmic actins contribute to the function of several organelles in 
adult skeletal muscle. 
To more directly test the functional importance of non-muscle cytoplasmic 
actins in skeletal muscle, we previously generated muscle-specific knockout mice 
lacking either γcyto-actin (Actg1-msKO, Sonnemann et al., 2006), or βcyto-actin 
(Actb-msKO, Prins et al., 2011).  These two single knockouts developed 
qualitatively similar phenotypes characterized by a progressive myopathy with 
significant myofiber degeneration/regeneration and muscle weakness, but without 
any detectable perturbations of the costameric lattice or intracellular organelles in 
mice 3-6 months old (Prins et al., 2011; Sonnemann et al., 2006).  Notably, 
ultrastructural defects in the sarcoplasmic reticulum of Tmod1 knockout mice were 
not apparent until 6 months of age (Gokhin and Fowler, 2011; Gokhin et al., 2010).  
The progressive nature of both Actg1-msKO and Actb-msKO suggests partial 
redundancy may be playing a role, preventing the more rapid development of 
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phenotypes observed (Gokhin and Fowler, 2011; Gokhin et al., 2010). Therefore, 
we hypothesized that non-muscle βcyto- and γcyto-actin collaborate to support 
functional interaction between mitochondria and the sarcoplasmic reticulum in 
skeletal muscle, but are sufficiently redundant to delay or obscure a measureable 
phenotype when either isoform is singly ablated. 
Here, we report that primary mouse embryonic fibroblasts ablated for βcyto- 
and/or γcyto-actin exhibit markedly increased mitochondrial lengths and decreased 
rates of fission.  Examination of muscle ultrastructure as a function of age using 
transmission electron microscopy (TEM) revealed that skeletal muscles from 22-
25 month old Actg1-msKO and Actb-msKO mice exhibit misshapen mitochondria 
and dilated and vesiculated sarcoplasmic reticulum compared to age-matched 
WT, or younger knockout animals.  We also demonstrate that both βcyto- and 
γcyto-actin co-enrich with biochemically isolated mitochondrial-associated 
membrane fractions.  However, no deficit in mitochondrial respiration or oxygen 
consumption in isolated Actg1-msKO or Actb-msKO skeletal muscle fiber bundles 
or intact Actb-msKO mice was identified.  Finally, we measured a small but 
significant decrease in the maximal rate relaxation in EDL muscles of Actg1-msKO 
and Actb-msKO mice.  Collectively, our present data are consistent with previous 
studies ( Korobova et al., 2013; Manor et al., 2015; Domenighetti et al., 2014; 
Gokhin and Fowler, 2011; Vlahovich et al., 2009), and extend them by showing 
that specific loss of either βcyto- or γcyto-actin from mouse embryonic fibroblasts 
causes defects in mitochondrial dynamics while their loss from the extrasarcomeric 
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cytoskeleton causes a mild skeletal muscle myopathy apparently through 
impairment of sarcoplasmic calcium regulation. 
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Results 
 
Altered Sarcoplasmic Reticulum and Mitochondrial Morphologies in Aged 
Cytoplasmic Actin KO Skeletal Muscle 
 
Several other groups have observed age-dependent morphological defects 
in sarcoplasmic reticulum and mitochondria after genetic ablation of actin binding 
proteins associated with the extrasarcomeric actin cytoskeleton (Domenighetti et 
al., 2014; Gokhin and Fowler, 2011; Gokhin et al., 2010), therefore, we utilized 
TEM to examine the muscle ultrastructure from Actg1-msKO and Actb-msKO 
animals at 6, 12, and 22-25 months of age (Figure 3-1).  Consistent with our 
observations in MEFs, TEM examination of skeletal muscle in cross section 
revealed abnormal mitochondrial morphology in Actg1-msKO and Actb-msKO 
muscles at 22-25 months of age (Figure 3-1 A-C, M). Actg1-msKO and Actb-msKO 
muscle exhibited a subset of rounded mitochondria (white arrows, Figure 3-1 B, C) 
in comparison to the more prevalent elongated mitochondria observed in age-
matched WT muscle (white arrow heads, Figure 3-1 A-C). The measured 
mitochondrial length to width ratios confirmed the qualitative observation (Figure 
3-1 M). Analysis of longitudinal sections from 6 month-old animals showed muscle 
architecture, including Z-disk alignment, was not different from age-matched WT 
mice (Figure 3-1 D-F, N; Supplemental Figure 3-1).  While muscles from most 12 
month-old animals were also not different from WT (denoted with a white 
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arrowhead in Figure 3-1 G, I, N), one Actg1-msKO sample displayed dilation of the 
sarcoplasmic reticulum (denoted with a white arrow in Figure 3-1 H, N).   At 22-25 
months of age, all Actg1-msKO and Actb-msKO muscles displayed normal Z-disk 
alignment, but presented with sarcoplasmic reticulum dilation (Figure 3-1 J-L, N; 
Supplemental Figure 3-1).  Consistent with previous studies (Domenighetti et al., 
2014; Gokhin and Fowler, 2011; Gokhin et al., 2010), our TEM data reveal age-
dependent structural defects in the sarcoplasmic reticulum and mitochondria of 
Actg1-msKO and Actb-msKO muscles, which take longer to manifest than 
previously observed with genetic ablation of Tmod1 or FHL1 (Domenighetti et al., 
2014; Gokhin and Fowler, 2011; Gokhin et al., 2010). 
Morphological defects in both the sarcoplasmic reticulum and mitochondria 
of Actg1-msKO and Actb-msKO muscles suggested that βcyto- and γcyto-actin may 
interact with both organelles at their site of close apposition.  Mitochondrial 
associated membranes (MAMs) are functionally important in stimulating increased 
mitochondrial respiration, Ca2+ crosstalk between mitochondria and the sarco-
/endo-plasmic reticulum, cell death signaling, lipid metabolism, and mitochondrial 
dynamics (Brito and Scorrano, 2008; Patergnani et al., 2011; Raturi and Simmen, 
2013; Rizzuto et al., 1998; Szabadkai et al., 2006).  Therefore, we biochemically 
isolated MAM, mitochondrial, and endoplasmic reticulum fractions from WT mouse 
liver (Wieckowski et al. 2009) and performed western blot analysis to identify the 
fractions containing βcyto- and γcyto-actin immunoreactivity (Figure 3-2).  As 
expected, both γcyto- and βcyto-actin were present in the cytosolic fraction (identified 
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by tubulin), weakly present in the crude mitochondrial fraction (identified by 
cytochrome C), and enriched in the isolated MAM fraction verified by the presence 
of FACL4, a lipid enzyme localized to the MAM (Krisans and Coleman, 2002; Lewin 
et al., 2001). Thus, both βcyto- and γcyto-actin co-enrich with a membrane fraction 
thought to represent the interface between the organelles which display altered 
morphologies, the sarcoplasmic reticulum and mitochondria. 
 
Perturbation of Mitochondrial Dynamics but not Respiration when Cytoplasmic 
Actins are Ablated 
 
We previously observed that ablation of βcyto-, but not γcyto-actin, led to 
perturbations in cellular proliferation and ATP content, but didn’t alter mitochondrial 
respiration in primary mouse embryonic fibroblasts (MEFs). Because actin plays a 
key role in mitochondrial dynamics (De Vos et al., 2005; Korobova et al., 2013; 
Manor et al., 2015), we imaged mitochondria in primary MEFs homozygous for 
floxed Actb or Actg1 alleles, which were treated with adenovirus-5 CRE to 
knockout the target gene or adenovirus-5 GFP as a control (Patrinostro et al., 
2017).  MEFs ablated for either βcyto-actin, γcyto-actin, or both actins displayed 
significantly larger mitochondria compared to control MEFs (Figure 3-3 A-H).  
Abnormalities in mitochondrial morphology imply a defect in mitochondrial 
dynamics controlled by the opposing processes of fission and fusion (Reviewed by 
Westermann 2010). The most likely explanations for the measured increase in 
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mitochondrial size would be a decrease in the rate of mitochondrial fission, or an 
increase in mitochondrial fusion. Therefore, mitochondria were live-imaged and 
the frequencies of fission and fusion events were quantified. While the frequency 
of fusion events was not different across all MEF pools analyzed (Figure 3-3 I), the 
frequency of fission events were significantly decreased in Actg1, Actb, and 
Actb/Actg1 KO MEFs compared to WT MEFs (Figure 3-3 J). Our results are 
consistent with the important role for actin in mitochondrial fission and extend 
previous studies by demonstrating that both βcyto- and γcyto-actin isoforms support 
mitochondrial fission. 
Because perturbations in mitochondrial shape, dynamics, and function are 
often interlinked (reviewed in Anesti and Scorrano, 2006; Chen and Chan, 2005; 
Chen et al., 2000), we investigated whether mitochondrial respiration was altered 
in muscle fiber bundles from the red portion of the gastrocnemius muscle from 12 
month-old Actg1-msKO and Actb-msKO mice.  No change was detected in the 
abundance of protein components of electron transport chain complexes I-IV 
(ETC; Supplementary Figure 3-2), which correspond to no differences in 
respiratory function. Specifically, no differences were detected in basal or ADP-
stimulated Complex I respiration between fiber bundles isolated from age-matched 
Actg1-msKO, Actb-msKO, or WT animals (Figure 3-4 A-C).  Nor were differences 
detected in Complex II or IV-mediated respiration (Figure 3-4 D-E). Succinate 
control: the portion of respiration attributed to the Q-junction via complex II (Figure 
3-4 G), respiratory control ratio (RCR) and coupling efficiency: an indicators of 
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mitochondrial coupling (Figure 3-4 H-I), E-Super-C; a measure of the additive 
effect of Complex I and II at the Q-junction (Figure 3-4 I), and, were also not 
different among fiber bundles from each group. Taken together these data indicate 
that the absence of either βcyto-actin or γcyto-actin does not lead to perturbations in 
mitochondrial respiration at 12 months. 
As defects in mitochondrial morphology were only evident in aged Actg1-
msKO and Actb-msKO muscles (Figure 3-1), we also measured whole body 
energy expenditure in 22-25 month-old WT and Actb-msKO mice (Supplemental 
Figure 3-2).  Consistent with our findings in isolated gastrocnemius muscles 
(Figure 4) and MEFs (Patrinostro et al., 2017), there was no difference between 
aged WT and Actb-msKO mice in any measured parameter of whole body 
respiratory function (Supplemental Figure 3-2).  These results indicate that the 
alterations in mitochondrial morphology and dynamics caused by genetic ablation 
of Actg1 or Actb (Figure 3-2) are not associated with a measureable impairment in 
mitochondrial function. 
 
Impaired Relaxation in Cytoplasmic Actin KO Skeletal Muscle 
 
In the absence of a measureable deficit in mitochondrial function (Figure 3-
4, Supplemental Figure 3-2) to explain the mild, but progressive myopathy caused 
by muscle-specific ablation of Actb or Actg1 (Prins et al., 2011; Sonnemann et al., 
2006), we measured contractile function of isolated EDL muscles from 12 and 22-
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25 month-old WT, Actb-msKO mice and 12 month-old Actg1-msKO animals.  
Twitch force development time and ½ relaxation time normalized to peak twitch 
force were not different between WT control and KO muscles (Table 3-1). Analysis 
of tetanic isometric contractions showed that specific force and maximal 
contraction rates before and after muscle fatigue was induced were also not 
different (Table 3-1, Figure 3-5 A-C), indicating that the ability of Actg1-msKO and 
Actb-msKO muscles to respond to electrical stimuli, release Ca2+, and produce 
force (Brown and Hasser, 1996; reviewed in Ebashi and Endo, 1968; reviewed in 
Stephenson et al., 1998) were unaffected.  Interestingly, the maximal relaxation 
rate was significantly slowed in 12 month-old Actg1-msKO and Actb-msKO 
muscles compared to age matched WT (Table 3-1, Figure 3-5 D). By 22-25 months 
of age, the maximal rate of relaxation in WT muscles slowed to the point that it was 
no longer significantly different from Actb-msKO muscles (Table 3-1, Figure 3-5 
D).  While Ca2+ reuptake by the sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) is primarily responsible for muscle relaxation rate (Ebashi and Endo, 
1968; Odermatt et al., 1996), western blot analysis revealed similar levels of 
immunoreactivity in WT, Actg1-msKO and Actb-msKO skeletal muscle lysates 
against the two primary isoforms of SERCA expressed in skeletal muscle (Figure 
3-6 A-C). Dysregulation of Ca2+ can result in the activation of the unfolded protein 
response (UPR) as a result of cellular stress (Liang et al., 2006; Ma and 
Hendershot, 2001; Niwa and Walter, 2000; Schröder, 2008).  However, we 
observed no change in the abundance of examined UPR proteins in Actg1 and 
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Actb KO skeletal muscle (Supplemental Figure 3-4).  None-the-less, the dilated 
sarcoplasmic reticulum (Figure 3-1) and slowed relaxation (Table 3-1, Figure 3-5) 
suggest that sarcoplasmic Ca2+ regulation may be impaired in in Actg1-msKO and 
Actb-msKO skeletal muscles. 
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Discussion 
 
Though only accounting for a minute fraction of the total actin pool in adult 
skeletal muscle (Hanft et al., 2006), non-sarcomeric γcyto- and βcyto- actin isoforms 
have been shown to localize to a diverse array of cellular structures in skeletal 
muscle including mitochondria (Craig and Pardo, 1983), the neuromuscular 
junction (Hall et al., 1981), costameres (Ayalon et al., 2008; Rybakova et al., 2000), 
the Z-disk (Kee et al., 2004; Nakata et al., 2001; Papponen et al., 2009; Rybakova 
et al., 2000), and the myotendonous junction (Papponen et al., 2008). Localization 
of non-sarcomeric actins to a number of these structures is disrupted in the mdx 
mouse model of Duchenne muscular dystrophy (Hanft et al., 2006; Rybakova et 
al., 2000). However, it is still unclear how knockout of γcyto- and βcyto-actin in 
skeletal muscle cause mild, but progressive myopathy (Prins et al., 2011; 
Sonnemann et al., 2006). Here we show that knockout of γcyto- or βcyto- actin causes 
perturbation in both mitochondrial morphology and fission, supporting a link 
between γcyto- or βcyto- actin localization at the mitochondria and a functional role 
in mitochondrial dynamics.  
Dynamic mitochondria in skeletal muscle are critical for maintaining 
bioenergetics (Eisner et al., 2014; Mishra and Chan, 2016). As a consequence of 
the high energy demand of skeletal muscle, perturbations in multiple aspects of 
mitochondrial dynamics can be fatal in mice (Chen et al., 2000; Chen et al., 2015). 
Mitochondria are distributed in skeletal muscle to enable maximal functional 
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connectivity with surrounding structures (Csordás and Hajnóczky, 2009; Eisner et 
al., 2013; Rizzuto et al., 1998). Though localized to specific areas within the 
myofiber, mitochondria are interconnected (Glancy et al., 2015) and regularly 
undergo fusion (Eisner et al., 2014).  In non-muscle cells, both actin and the 
endoplasmic reticulum have been implicated in the fission process (Korobova et 
al., 2013; Manor et al., 2015; Spät et al., 2008). Because mitochondrial dynamics 
are critical in all cell types and occur with higher frequency in non-muscle cells, we 
utilized a MEF model to study dynamics and found γcyto-, βcyto-, and double actin 
KO MEFs all displayed decreased fission, indicating that γcyto- and βcyto- actin 
isoforms are each important for mitochondrial fission.  
While the measured changes in mitochondrial dynamics were not paired 
with detectable differences in mitochondrial respiration it is possible that an 
alteration in redox balance, specifically reactive oxygen species (ROS) emission, 
could be contributing to the phenotype. Alterations in ROS emitting potential of 
mitochondria can affect mitochondrial dynamics and thereby alter morphology 
(Blanchet et al., 2015; Distelmaier et al., 2012; Pletjushkina et al., 2006; Rakovic 
et al., 2011; Willems et al., 2015). Mild oxidative stress can also impact Ca2+ flow 
from the SR (Andersson et al., 2011; Ermak and Davies, 2002; Gorlach et al., 
2006; Roveri et al., 1992). In turn, Ca2+ signaling at the mitochondrial-
sarco/endoplasmic reticulum interface, can influence mitochondria respiration 
rates and even initiate cell death (Chami et al., 2008; Eisner et al., 2014; Ermak 
and Davies, 2002; Rizzuto et al., 1998). Here, we demonstrate enrichment of both 
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γcyto- and βcyto- actin with the mitochondria-associated membrane. The 
mitochondria-associated membrane forms a small microenvironment which is 
important for a large array of functions in addition to Ca2+ signaling including but 
not limited to: mitochondrial fission, endoplasmic reticulum stress, ROS signaling, 
and lipogenesis (Burté et al., 2014; Csordás and Hajnóczky, 2009; Gilady et al., 
2010; Grimm, 2012; Kornmann et al., 2009; Korobova et al., 2013; Li et al., 2009; 
Manor et al., 2015; Rusiñol et al., 1994).  Dysregulation of the signaling cascades 
can be caused by structural malformations of the mitochondria-associated 
membrane (Dayanithi et al., 2010; Kushnareva et al., 2013; Singaravelu et al., 
2011). Therefore, loss of γcyto- or βcyto- actin from the mitochondrial- 
sarco/endoplasmic reticulum interface may impair inter-organelle signaling.   
Ca2+ signaling is critical to regulating skeletal muscle contraction.  Problems 
with Ca2+ sequestration can occur at a number of points including: leak through the 
RYR, SERCA, the membrane, or ryanodine receptor (RYR) or SERCA 
dysfunction.  Changes in the activity of SERCA can affect intercellular Ca2+ levels 
and alter relaxation rate (Tupling et al., 2011).  Additionally, swelling of the SR, 
similar to what we observed here, has been seen alongside defective skeletal 
muscle Ca2+ release (Gokhin and Fowler, 2011), supporting a role for Ca2+ in the 
γcyto- and βcyto- actin skeletal muscle KO relaxation defect. Cellular stressors can 
induce Ca2+ dysregulation (Ermak and Davies, 2002). One such stress is muscle 
aging, or sarcopenia, which has been linked to alterations in Ca2+ flow (Andersson 
et al., 2011). Oxidation of the RYR with aging leads to SR Ca2+ leak, further ROS 
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elevation and ultimately loss of muscle (Andersson et al., 2011). We measured a 
decreased relaxation rate in 12 month old γcyto- and βcyto- actin KO skeletal muscle 
that preceded a similar decrease in WT skeletal muscle aged to 22-25 months 
(Figure 3-5 D), suggesting that knockout of either cytoplasmic actin may accelerate 
aging in skeletal muscle.  
The partial redundancy of the cytoplasmic actin isoforms, illustrated by the similar 
but modest phenotypes displayed when either are knocked-out, indicates that both 
are important but can likely compensate in some aspects for the other. An 
explanation for this partial overlap is likely that the sequences of γcyto- and βcyto- 
actin are highly conserved and differ only by the 3’UTR sequences and 4 
biochemically similar amino acid changes (Lloyd and Gunning, 1993; Rubenstein, 
1990). Despite the high degree of sequence identity, γcyto- and βcyto- actin have 
differing polymerization dynamics and modifications (Bergeron et al., 2010; Lloyd 
and Gunning, 1993; Zhang et al., 2010). The presence of the phenotypes observed 
here suggests that each isoform does play a unique and vital role in the actin 
cytoskeleton. 
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Materials and Methods 
Mouse Lines 
Mice (Mus musculus) containing the conditional floxed Actb (Perrin et al., 
2010) and Actg1 (Sonnemann et al., 2006) alleles as described previously were 
each backcrossed on to the C57BL/6 background for a minimum of five 
generations. To generate knockout mice, each line was crossed to mice 
expressing cre-recombinase under the skeletal muscle specific human skeletal 
actin promoter (HSA-Cre mice were provided by Judith Melki, INSERM, Evry, 
France; Miniou et al., 1999). Knockout animals were homozygous for either the 
Actb or Actg1 floxed alleles, and hemizygous for HSA-cre, controls were age-
matched floxed mice lacking HSA-cre. All mice examined were male. Standard 
PCR analysis was used to confirm genotype. All animals were cared for according 
to the University of Minnesota Institutional Animal Care and Use Committee policy.  
 
Cell Culture and Imaging  
Primary MEFs were cultured from E13.5 Actb L/L, Actg1L/L and double 
ActbL/L/Actg1L/L mouse embryos as described previously (Bunnell and Ervasti, 
2010; Patrinostro et al., 2017). Briefly: MEFs from individual embryos were 
cultured at 37°C in 5.0 % CO2 in DMEM media (supplemented with 10% FBS, 1% 
Pen/Strep, 0.5ug/mL Fungizone; Invitrogen Carlsbad, CA, USA), counted, and 
split into two pools. One pool was treated with the control adenovirus Ad5-GFP 
(Ad5CMV-hrGFP) the other group was treated with Ad5-Cre (Ad5CMV-Cre-eGFP) 
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virus purchased from The University of Iowa Viral Vector Core (Iowa City, IA, USA) 
explicitly following the Core’s Adenovirus Adfection protocol 
(http://www.medicine.uiowa.edu/vectorcore).  
 
On the seventh (Actb L/L, Actg1L/L MEFs) or ninth (ActbL/L/Actg1L/L MEFs) 
day post infection cells showed complete knockout of protein by western blot as 
previously published (Patrinostro et al., 2017). Once knockout was confirmed by 
western blot, MEFs were stained with 0.01nM MitoTracker CMXRos 
(ThermoFisher Scientific M7512; Waltham, MA, USA) in Opti-MEM with 10%FBS 
for 15 min. Media was replaced and cells were imaged using a GE Applied 
Precision DeltaVision Deconvolution Microscopy system (Little Chalfont, 
Buckinghamshire, UK) with a 60x numerical aperture 1.42 objective and 
Photometrics Coolsnap HQ camera (Tucson, AZ, USA). Imaris Imaging software 
by Bitplane (Belfast, Northern Ireland, UK) was used to determine the surface area 
of all individual mitochondrion. To quantify fission and fusion events cells were 
imaged every 10s for 2min. The time-lapse images were then examined frame by 
frame for any mitochondrial fission or fusion events. MEFs from at least 3 different 
individual embryos per genotype were examined. 
 
Transmission Electron Microscopy and Quantification 
Mice at 6, 12, or 22-25 months were anesthetized using avertin. Once 
anesthetized the mice underwent intra-peritoneal perfusion with PBS, followed by 
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perfusion fixation with 4% PFA and 1.5% glutaraldehyde in 0.1 M Na-cacodylate 
buffer. The lower limb was removed and further fixed in the same solution at 4°C 
for 2 hours. Tibialis Anterior (TA) muscles were dissected and incubated overnight 
at 4°C in a secondary fix of 2.5% Glutaraldehyde in 0.1M Na-Cacodylate. Muscles 
were washed in Na-cacodylate buffer, post-fixed in 1% OsO4 in 0.1 M Na-
cacodylate for 1 hour, and rinsed in Na-cacodylate buffer.  After dehydration with 
increasing concentrations of ethanol, muscles were embedded in Epon 812 resin. 
65 nm ultrathin sections were stained with uranyl acetate and lead citrate and 
visualized on the transmission electron microscope (FEI Technai Spirt BioTWIN, 
Hillsboro, OR, USA) at 120kV.  All chemicals were purchased from Electron 
Microscopy Sciences, Hatfield, PA, USA. Quantification of mitochondria 
length:width ratio and Z-disk alignment was measured using Fiji (Schindelin et al., 
2012). 
 
Mitochondrial Respiration 
In these studies, muscle fiber bundles were used to assess mitochondrial 
respiration as this approach allows for the assessment of mitochondria in their 
native state (Perry et al., 2013) .  The technique for preparing and permeabilizing 
muscle fiber bundles has previously been described (Lark et al., 2016). 12 month 
old mice were anesthetized and red portions of the gastrocnemius muscle were 
dissected and immediately added to ice-cold buffer X ([mM] - 7.23 K2EGTA, 2.77 
CaK2EGTA, 20 imidazole, 20 taurine, 5.7 ATP, 14.3 phosphocreatine, 6.56 
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MgCl2·6H2O, 50 MES, pH 7.1, 295 mosmol/kgH2O).  Under a dissecting 
microscope, connective tissue and fat were removed from the red portions before 
separating muscle into fiber bundles of ~ 1 mg wet wt. Muscle fiber bundles were 
then permeabilized in buffer X containing 30 µg/ml saponin for 30 min with 
continuous rotation at 4°C. Muscle fiber bundles were transferred to ice-cold buffer 
Z ([mM] – 110 K-MES, 35 KCl, 1 EGTA, 5K2HPO4, 3 MgCl2·6H2O, 5mg/ml BSA, 
pH 7.4, 295 mosmol/kgH2O) and washed for 15 min at 4°C with continuous 
rotation. 
Measurements of high-resolution O2 consumption were made using the 
OROBOROS Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria) at 37°C 
with a starting oxygen concentration of ~350µM oxygen as previously described 
(Ryan et al. 2014). Experiments were conducted in buffer Z supplemented with 
20mM creatine monohydrate and 25µM blebbistatin. Mitochondrial respiration was 
assessed by delivery of the substrates in the following order and at a final 
concentration of pyruvate 4mM, malate 2.5 mM, glutamate 5 mM, ADP 2.5 mM, 
succinate 5 mM, cytochrome c 5 µM, rotenone 10 µM, antimycin A 5 µM, ascorbic 
acid 2 mM and TMPD 0.5 mM (N,N,N’,N’-Tetramethyl-p-phenylenediamine 
dihydrochloride). Preservation of mitochondrial membrane integrity was confirmed 
by excluding muscle bundles that produced a >10% increase in respiration in 
response to exogenous cytochrome c addition. Following completion of the 
protocol, muscle bundles were washed in distilled H2O, freeze-dried (Labconco, 
Kansas City, MO, USA) and weighed (Orion Cahn C-35, Thermo Electron, Beverly, 
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MA). All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 
 
Indirect calorimetry and body composition  
22-25 month old male mice were individually housed for metabolic testing 
and were habituated to the metabolic chamber for 1 day prior to the collection of 
data over 2.5 days (n = 4-7). Oxygen consumption (VO2) and carbon dioxide 
production (VCO2), activity, and energy expenditure were measured using 
metabolic monitoring systems including the Oxymax Comprehensive Lab Animal 
Monitoring System (Columbus Instruments, Columbus, OH, USA). VO2 (volume 
O2), VCO2 (volume CO2), and respiratory exchange ratio (RER) were calculated 
from the gas-exchange data. Activity was measured on the x- and z-axes with the 
use of infrared beams.  Mice were analyzed for total body fat, lean tissue, and body 
water content using an EchoMRI quantitative magnetic resonance system (Echo 
Medical Systems, Houston, TX, USA). Energy expenditure was calculated with the 
formula provided by the manufacturer, expressed as Kcal/h and analyzed with 
body weight as continuous predictors in an ANCOVA model (Tschöp et al., 2012).  
 
Mitochondria-Associated Membrane Fractionation  
Mouse liver from 12 month male animals was fractionated according to the 
protocol in Wieckowski et al (Wieckowski et al., 2009). Briefly: the mouse was 
anesthetized using avertin, sacrificed by cervical dislocation. The liver was 
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immediately removed and successively washed in buffer (225mM mannitol, 75-
mM sucrose, 0.5% BSA, 0.5mM EGTA and 30mM Tris-HCL, followed by 225mM 
mannitol, 75-mM sucrose, 0.5% BSA, and 30mM Tris-HCL, and 225mM mannitol, 
75-mM sucrose, and 30mM Tris-HCL). The liver was minced, homogenized using 
a Teflon and glass mortar and pestle at 4°C, and spun at 740g for 5min, 
supernatant was collected and respun under the same conditions. The supernatant 
was collected and spun at 9,000xg for 10min, the pellet contains the crude 
mitochondria (the supernatant containing the cytoplasm and endoplasmic 
reticulum were centrifuged at 20,000xg for 30min, the supernatant was spun for 
1h at 100,000xg, the resulting supernatant is the cytoplasmic fraction and the pellet 
is the endoplasmic reticulum fraction). The pellet containing the crude 
mitochondria was washed and spun at 10,000xg for 10min twice. The washed 
pellet was gently homogenized in buffer and layered on top of percoll media. The 
fractionation of the crude mitochondria into pure mitochondria and mitochondria-
associated membrane was done by centrifuging the percoll layered suspension at 
95,000xg for 30min using a swinging rotor (SW32 Beckman-Coulter, Brea, CA, 
USA). The resulting upper band (the mitochondria-associated membrane) and 
lower band (pure mitochondria) were each collected, washed, and centrifuged at 
6,300xg for 10 min. The pellet from the pure mitochondrial sample was collected. 
The mitochondria-associated membrane supernatant was centrifuged at 
100,000xg for 1h, the pellet was the mitochondria-associated membrane fraction 
(rotor 50.2 Beckman-Coulter, Brea, CA, USA). All spins were done at 4°C in a 
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Beckman JS-HS high-speed centrifuge (20,000xg and under) or Beckman L8-M 
ultra-high-speed centrifuge (over 20,000xg). All reagents from Sigma-Aldrich, St. 
Louis, MO, USA. 
 
Western Blotting 
12 or 22-25 month old male mice were anesthetized using avertin and 
sacrificed by cervical dislocation. The whole quadriceps femoris muscle was 
immediately dissected and any fat or connective tissue was removed. Protein was 
then extracted through mechanical tissue disruption via homogenization in liquid 
nitrogen and chemical disruption using 1%SDS buffer in 1xPBS with a cocktail of 
protease inhibitors (Aprotinin 100uM, Benzamide 0.79mg/mL, E-64 10nM, 
Leupeptin 10uM, Pepstatin 0.1mg/mL, PMSF 1mM; Sigma-Aldrich, St. Louis, MO, 
USA). Lysate was boiled for 5 min and centrifuged at 20,000xg for 3 min to remove 
the insoluble fraction. Protein concentration was determined by A280 on a 
NanoDrop ND-1000 Spectrometer (Thermo Fisher Scientific; Waltham, MA, USA). 
For comparison of relative immunoreactivities, 40ug of protein lysate was run on a 
10% polyacrylamide gel for 1h at 150v. Samples were transferred onto PVDF 
membrane for 1h at 100v. Antibodies to ATP5A (ab14748; Abcam, Milton, 
Cambridge, UK), BiP (C50B12; Cell Signaling Technology, Danvers, MA, USA), 
βcyto-Actin AC-15 (A5441; Sigma-Aldrich, St. Louis, MO, USA), γcyto-Actin (mAb 2-
4; as published in Hanft et al., 2007), Cytochrome C (ab13575; Abcam, Milton, 
Cambridge, UK), FACL4 (ab155282; Abcam, Milton, Cambridge, UK), GAPDH 
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(Sigma-Aldrich, St. Louis, MO, USA), IP3R-3 (610312; BD Biosciences), IRE1α 
(14C10; Cell Signaling Technology, Danvers, MA, USA), PDI (C81H6; Cell 
Signaling Technology, Danvers, MA, USA), PERK (D11A8; Cell Signaling 
Technology, Danvers, MA, USA), SDHA (ab14715; Abcam, Milton, Cambridge, 
UK), SERCA1 (ab2819; Abcam, Milton, Cambridge, UK), SERCA2 (ab2861; 
Abcam, Milton, Cambridge, UK), Tubulin B512 (T6074; Sigma-Aldrich, St. Louis, 
MO, USA), and UQCR (ab110252; Abcam, Milton, Cambridge, UK), were used at 
the recommendation concentrations. Membranes were imaged on a Licor Odyssey 
(Lincoln, NE, USA). 
 
In Vitro Contraction 
Mice were anesthetized with sodium pentobarbital (100 mg/kg BW; 
Diamondback Drugs, Socttsdale, AZ, USA).  Extensor Digitorium Longus (EDL) 
muscles were removed from 12 and 22-25 month old mice and mounted on a dual-
mode muscle lever system (300B-LR; Aurora Scientific Inc., Aurora, ON, Canada) 
with 5-0 suture in a 1.5 mL bath assembly and filled with oxygenated (95 % O2) 
Krebs Ringer bicarbonate buffer that was maintained at 25 ˚C.  Muscles were 
adjusted to their anatomic optimal length (Lo) based on resting tension. Muscle 
length was then measured from myotendonous junction to myotendonous junction 
using digital calipers. Muscles remained quiescent in the bath for 5 min before 
beginning a protocol for testing contractile function.   Maximal isometric tetanic 
contractions (Po) were performed every 2 min until plateaued by stimulating the 
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muscle for 200ms at 150Hz (Grass S48 stimulator delivered through a SIU5D 
stimulus isolation unit; Grass Telefactor, Warwick, RI, USA).  Peak twitch force 
was measured by stimulating the muscle with a 0.5-ms pulse at 150 V. A second 
twitch was elicited 30s later followed 30s later by an isometric tetanic contraction.  
Every two minutes, isometric tetanic contractions were performed until the muscle 
reached a plateau of force (three contractions within 0.1 g).  Maximal rates of 
contraction (+dP/dt) and relaxation (-dP/dt) were derived from the slopes of the 
force-time traces. Two minutes of rest were followed by a fatigue protocol of 
submaximal (60Hz) isometric contractions every 7.5s for 200ms over 5min.  
Fatigue recovery was monitored by isometric tetanic contractions (200ms at 150 
Hz) every 5min for 30min. 
 
Statistical Analysis 
1-way ANOVAs with Tukey’s post hoc test were performed to determine 
significance. * is 0.01<p<0.05, *** is p<0.001. Error bars are S.E.M. 
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Figure 3-1 Altered sarcoplasmic reticulum and mitochondrial morphology 
in aged Actg1 and Actb KO skeletal muscle. 
(A-C) Transverse sections of TA from control, Actg1-msKO, and Actb-msKO mice 
at 22-25 months of age. (M) Quantification of mitochondrial length:width ratio. (D-
L) Longitudinal sections of TA from control, Actg1-msKO, and Actb-msKO mice at 
6 (D-F), 12 (G-I), and 22-25 (J-L) months of age. White arrowheads denote normal 
SR, white arrows denote dilated SR. (N) Quantification of the percentage of images 
examined that displayed dilated SR. Scale bars = 1µm. 
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Supplementary Figure 3-1 No shift in Z-disk alignment in Actg1 and Actb 
KO skeletal muscle. 
Changes in Z-disk alignment of adjacent sarcomere pairs at 6 months (A) and 22-
25 months (B). 
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Figure 3-2 Enrichment of γcyto- and βcyto-actin in isolated mitochondrial 
associated membrane. 
Shown are identical western blots loaded with equal amounts of protein from the 
fractions obtained during the preparation of isolated mitochondrial associated 
membranes from mouse liver and stained with antibodies to the indicated protein. 
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(A-F) Mitochondria appear elongated in Actg1 KO Actb KO, and Actb/Actg1 dKO 
MEFs compared to control (CT). Scale bar = 10µm.  (G) The percentage of 
mitochondria with surface areas greater than the mean of the control plus 2 
standard deviations. (H) Surface area of each mitochondrion per genotype. (I-J) 
Quantitation of fission and fusion frequencies in CT, Actg1 KO, Actb KO, and 
Actb/Actg1 dKO MEFs (Done in live cells not shown). 
 
  
Figure 3-3 Ablation of γcyto- or βcyto-actin results in increased 
mitochondrial area and decreased fission. 
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Supplementary Figure 3-2 Normal abundance of electron transport chain 
complex proteins in Actg1 and Actb KO skeletal muscle. 
 (A) Representative western blot showing immunoreactivity to proteins from 
complex II, III, and V. (B) Quantification of SDHA, a complex II protein, 
immunoreactivity normalized to GAPDH and relative to CT mean. (C) 
Quantification of UQCR, a complex III protein, immunoreactivity normalized to 
GAPDH and relative to CT mean. (D) Quantification of ATP5A, a complex V 
protein, immunoreactivity normalized to GAPDH and relative to CT mean. 
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Figure 3-4 Normal mitochondrial function in Actg1 and Actb KO skeletal 
muscle. 
(A-J) Oxygen consumption parameters measured in isolated gastrocnemius fibers. 
(A) Complex I leak (CI leak), JO2 was measured in the presence of pyruvate, 
malate, and glutamate (state 2). (B) Complex I respiration rate (CI), JO2 was 
measured in the presence of ADP (state 3). (C) Complex I+II respiration rate 
(CI+II), JO2 was measured in the presence of succinate. (D) Complex II respiration 
rate (CII), JO2 was measured in the presence of rotenone. (E) Complex IV 
respiration rate, JO2 was measured in the presence of antimycin A, ascorbic acid, 
and TMPD. (F) Complex I control is the ratio of (JO2 Complex I+II - JO2 Complex 
II)/JO2 Complex I+II. (G) Succinate Control (JO2 CI+II-JO2 CI)/JO2 CI+II. (H) RCR 
is the respiratory control ratio it is the ratio of JO2 CI/JO2 CI leak. (I) Biochemical 
coupling efficiency is the ratio of (JO2 CI - JO2 CI leak)/JO2 CI. (J) E- 
supercomplex is the ratio of JO2 CI+II/ (JO2 CI + JO2 CII).  
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Supplementary Figure 3-3 Normal whole body respiration in 22-25 month 
old muscle-specific Actb KO mice. 
(A-E) Whole body mitochondrial respirometry of 22-25 month old mice. (A) O2 
consumption. (B) CO2 consumption. (C) Heat released. (D) Respiratory exchange 
ratio of O2 to CO2. (E) Ambulation. (F) Body composition of mice used in study. 
Experiments performed by University of Minnesota Phenotyping Core.  
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Figure 3-5 Impaired relaxation rates in Actb and Actg1 KO skeletal muscle. 
(A-B) Representative isometric contraction force tracings of tetanically-stimulated 
12 month old control, Actg1-msKO (A), and Actb-msKO (B) EDL muscles. (C) Peak 
specific forces generated during maximal isometric tetanic contractions. (D) 
Maximal rates of relaxation. Experiments performed with the help of Angus 
Lindsey.  
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Figure 3-6 Normal SERCA 1 and 2 abundance in Actb and Actg1 KO 
skeletal muscle. 
 (A-B) Quantification of SERCA 1 and 2 immunoreactivity normalized to GAPDH 
relative to WT mean. 
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Supplementary Figure 3-4 Endoplasmic reticulum stress response pathway 
proteins are not upregulated in muscle-specific Actb KO mice at 12 months 
old. 
Western blot showing immunoreactivity to endoplasmic reticulum stress pathway 
proteins. Quantification of immunoreactivity to PDI (A), BiP (B), PERK (C), and 
IRE1α (D).  All samples were normalized to GAPDH and relative to CT mean. 
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Table 3-1  Twitch and tetanic isometric contraction measurements in control, Actg1-msKO, and Actb-msKO EDL 
muscles. 
Age 12mo 22+mo 
Genotype Actg1-msCT 
Actg1-
msKO Actb-msCT Actb-msKO Actb-msCT 
Actb-
msKO 
Specific Force (N/cm2) 21.5 ±1.0 18.0 ±0.9 22.5 ±0.4 21.0 ±0.7 20.8 ±1.1 21.4 ±1.5 
Maximal Contraction Rate (N/s) 17.0 ±1.0 13.7 ±0.5 15.8 ±0.7 14.9 ±0.7 15.1 ±0.6 14.6 ±0.8 
Maximal Relaxation Rate (N/s) 23.0 ±0.7 16.2 ±1.0* 23.1 ±0.8 17.9 ±1.5* 15.4 ±2.1** 14.6 ±1.2*** 
1/2 Relaxation Time (s/kg) 1.2 ±0.2 1.6 ±0.2 1.3 ±0.1 1.3 ±0.10 1.8 ±0.3 1.7 ±0.1 
Force Development Time(s/kg) 1.2 ±0.1 1.5 ±0.1 1.5 ±0.2 1.5 ±0.1 1.4 ±0.1 1.6 ±0.1 
Fatigue (% of initial maximal 
tetanic isometric force) 60.8 ±2.3 64.7 ±2.1 60.8 ±2.3 64.7 ±1.8 58.3 ±2.7 64.6 ±2.5 
Force Recovery after Fatigue (% 
of initial maximal tetanic isometric 
force) 
93.0 ±2.1 90.8 ±4.1 93.7 ±1.4 92.5 ±1.8 91.5 ±2.7 95.7 ±2.4 
Maximal Contractile force 
recovery after Fatigue (% of initial 
maximal contractile  force) 
87.9 ±2.2 90.7 ±2.4 93.4 ±0.8 91.8 ±2.5 89.9 ±3.4 93.4 ±2.6 
Maximal Relaxation Force 
Recovery after Fatigue (% of 
initial maximal relaxation force) 
91.0±3.9 81.5 ±5.3 90.8 ±2.4 90.3 ±2.8 96.1 ±4.8 95.0 ±2.7 
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Conclusions 
I: My work focused on further elucidating of how ablation of γcyto- or βcyto-actin 
isoforms in skeletal muscle leads to a mild progressive myopathy in mice. Towards 
that goal we have demonstrated that: 
• γcyto- and βcyto-actin are enriched at the mitochondrial associated membrane 
interface between mitochondria and endoplasmic reticulum. 
• Loss of γcyto- or βcyto-actin led to perturbations in mitochondrial and 
sarcoplasmic reticulum morphologies in skeletal muscle of aged mice. 
• The changes in mitochondria morphology in γcyto- and βcyto- actin knockout 
muscle are not linked to detectable functional changes of the mitochondria.  
• γcyto- and βcyto-actin are both required for normal mitochondrial fission.  
• The observed sarcoplasmic reticulum morphological changes in γcyto- and 
βcyto- actin knockout muscle do correspond to changes in sarcoplasmic 
reticulum function prior to the manifestation of morphological changes. 
 
II: My work also aimed to shed light on the redundant and unique functions of γcyto- 
or βcyto-actin. Here we have shown that: 
• Phenotypes resulting from loss of either γcyto- or βcyto-actin had a long lag 
time, likely due to functional redundancy.  
• The similarity of the phenotypes observed in the absence of γcyto- or βcyto-
actin is suggestive that the isoforms have functional cooperativity in many 
circumstances. 
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• The decreased ATP content when βcyto-actin, but not γcyto-actin, is ablated 
supports the concept that γcyto- and βcyto-actin have unique functions. 
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Discussion 
I:  Ablation of either γcyto- or βcyto- actin from skeletal muscle results in a mild 
but progressive myopathy marked by successive rounds of muscle degeneration 
and regeneration (Prins et al., 2011; Sonnemann et al., 2006). How loss of either 
γcyto- or βcyto- actin from skeletal muscle could lead to this mild myopathy was 
unclear. The primary aim of this thesis is to identify how ablation of either 
cytoplasmic actin from skeletal muscle could lead to a mild progressive myopathy. 
As γcyto- or βcyto- actin compose such a small percentage of the total actin 
pool in skeletal muscle it could be difficult to decipher the functional impact they 
are having. To shed light on how γcyto- or βcyto- actin ablation in skeletal muscle 
leads to a mild progressive myopathy, we utilized localization as a guide for where 
to look. In skeletal muscle, cytoplasmic actin isoforms have been shown to 
colocalize with two organelles which can readily affect cell viability; mitochondria 
and the Z-disk containing SR (Craig and Pardo, 1983; Kee et al., 2004; Nakata et 
al., 2001; Papponen et al., 2009; Rybakova et al., 2000). Here we demonstrated 
that both γcyto- and βcyto-actin are enriched in the mitochondria-associated 
membrane fraction, which is the interface between mitochondria and endoplasmic 
reticulum. The presence of both γcyto- and βcyto-actin at the mitochondria-
associated membrane interface provided a potential platform through which 
cytoplasmic actin isoforms could affect SR and mitochondria.  Upon investigation 
of γcyto- and βcyto- actin knockout skeletal muscle we found that both mitochondria 
and SR morphology was altered, but only in aged animals. The SR and 
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mitochondrial morphological changes we observed are qualitatively similar to 
those seen by other groups who targeted actin associated proteins (Domenighetti 
et al., 2014; Gokhin and Fowler, 2011; Gokhin et al., 2010; Wang et al., 2013), but 
develop much later than what was found in the other studies.  
For an in-depth examination of the role cytoplasmic actin isoforms had in 
mitochondrial dynamics, we turned to a more accessible model system: MEFs. 
The elongated mitochondrial morphologies and decreased rate of fission in 
knockout MEFs indicated that γcyto- and βcyto-actin are involved in mitochondrial 
dynamics.  Involvement of cytoplasmic actin isoforms in mitochondrial dynamics is 
consistent with recent work which revealed a step in mitochondrial fission requiring 
both actin and the endoplasmic reticulum (Korobova et al., 2013; Manor et al., 
2015).  
Having further characterized the role of cytoplasmic actin in mitochondrial 
dynamics and morphology, we wanted to determine if a functional change 
preceded the morphological perturbations seen in γcyto- and βcyto-actin knockout 
skeletal muscle. Mitochondria are central orchestrators of cell viability presenting 
an attractive target through which cytoplasmic actin isoforms affect skeletal muscle 
cell viability and led to the observed myopathy.  In MEFs we saw that cell growth 
and ATP content are decreased when βcyto- actin is ablated but no changes in 
mitochondrial respiratory function were detected, which may be due to the low 
energy expenditure of primary MEFs. In contrast, skeletal muscle has a high 
energy demand. To determine if functional changes preceded the morphological 
  114 
malformations seen in γcyto- and βcyto-actin knockout skeletal muscle at 22 months, 
we measured mitochondrial respiratory function in skeletal muscle fiber bundles at 
12 months.  As shown in Chapter 3, no perturbations in mitochondrial oxygen 
consumption were observed, which indicated that defects in mitochondrial 
respiration are not a primary contributor to the progressive myopathy of γcyto- and 
βcyto-actin knockout skeletal muscle. 
Since SR morphology was also altered when γcyto- and βcyto-actin were 
ablated in skeletal muscle, we investigated SR function prior to the manifestation 
of SR morphological changes. The SR in skeletal muscle is a vital regulator of 
Ca2+, and subsequently contraction, cell stress, and cell death. Functional 
alterations in the SR could contribute to the morphological phenotype and the 
overall myopathy found in the absence of either cytoplasmic actin (Fontes-Oliveira 
et al., 2013). To determine if any functional changes preceded the morphological 
malformations, at 12 months we measured skeletal muscle relaxation kinetics, 
which can be indicative of SR functional changes.  Examination of relaxation 
kinetics found that the maximal relaxation rate was slowed compared to controls 
in both γcyto- and βcyto-actin knockout animals. The decreased maximal relaxation 
rate in 12 month knockout γcyto- or βcyto-actin muscle is suggestive of SR 
dysfunction, as relaxation rate is linked to the ability to remove Ca2+ from the 
cytoplasm into the SR. The SR is primarily responsible for Ca2+ removal and 
storage following contraction and altered relaxation rates are associated with SR 
dysfunction (Westerblad and Lannergren, 1991). Ca2+ flow into the SR occurs via 
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SERCA (Berchtold et al., 2000). Though we observed no alterations in SERCA 
abundance, it may be functionally deficient. Another mechanism through which 
Ca2+ sequestration into the SR could be effected is Ca2+ leak through the ryanodine 
receptor channel. Therefore, in γcyto- and βcyto-actin knockout skeletal muscle a 
phenotype suggestive of abnormal SR function preceded the manifestation of SR 
morphological changes, supporting the idea that SR dysfunction may have 
contributed to the mild progressive myopathy. 
Interestingly, the decrease in maximal relaxation rate of knockout muscle 
seen at 12 months was negated by age. By 22-25 months control muscle maximal 
relaxation rate had dropped to levels comparable to knockout muscle at 12 
months, while the 22-25 month knockout muscle had remained steady at the lower 
rate, indicating that ablation of γcyto- or βcyto-actin may mimic the stress of aging 
and lead to a premature aging phenotype in relation to muscle relaxation.  
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II:  The individual contributions by γcyto- and βcyto- actin to the diverse array of 
functions attributed to cytoplasmic actin has long been a focus of research. 
Differing by only 4 amino acids at the N-terminus of the protein, the evolutionary 
benefit for maintaining both γcyto- and βcyto- actin isoforms in birds and mammals is 
not readily apparent. In mice, whole body ablation of γcyto-actin leads to the 
expected Mendelian numbers at birth, but two-thirds die within the first 24 hours 
and an additional two-thirds of the survivors die prematurely (Belyantseva et al., 
2009).  A more severe phenotype was observed in βcyto-actin hypomorph and 
knockout animals, which proved embryonic lethal (Bunnell et al., 2011; Shawlot et 
al., 1998; Shmerling et al., 2005b).  The animal models highlight the differing 
importance γcyto- and βcyto-actin have in vivo which led us to investigate the 
separate and overlapping functional relevance of γcyto- and βcyto-actin. 
As our studies on cytoplasmic actin isoforms in skeletal muscle shed light 
on functional implications of γcyto- and βcyto-actin, they also provided insight into 
γcyto- and βcyto-actin redundant and unique functions. Many of the phenotypes we 
found when γcyto- and βcyto-actin were ablated were similar in both knockout models 
including: morphological alterations in mitochondria and SR, mitochondrial fission, 
and decreased maximal relaxation rate indicative of SR dysfunction. The 
prolonged lag-time to phenotype manifestation indicated that the cause of these 
morphological changes was mild and is likely the result of a high degree of γcyto- 
and βcyto-actin functional overlap.  The presence of an analogous phenotype in 
both γcyto- and βcyto-actin knockouts suggested to us that there was incomplete 
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functional overlap between the two isoforms which resulted in the observed 
phenotypes. The incomplete functional overlap and the similar nature of the 
phenotypes implies that under normal circumstances γcyto- and βcyto-actin work 
together and that co-functionality is disrupted in both knockout models. Not all 
phenotypes we saw were comparable in γcyto- and βcyto-actin knockouts. In MEFs 
we found that ATP content was decreased in βcyto-actin, but not γcyto-actin, 
knockouts. The attribution of a unique phenotype to βcyto-actin knockout MEFs is 
consistent with the more severe phenotype seen in βcyto-actin whole body knockout 
mice.  
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Continuing Study 
 
Further experiments examining the functional necessity of γcyto- and βcyto-
actin at the mitochondria-associated membrane interface may help us to 
understand how both cytoplasmic actin isoforms are important for mitochondrial 
fission. Other groups have shown actin to be involved in mitochondrial fission via 
an endoplasmic reticulum mechanism (Korobova et al., 2013; Manor et al., 2015). 
The initial step in characterizing the contribution of both γcyto- and βcyto-actin would 
be to visualize endoplasmic reticulum. By imaging the endoplasmic reticulum and 
mitochondria in live knockout MEFs we could measure the number of endoplasmic 
reticulum/mitochondria contact sites in control and knockout MEFs, which would 
determine whether either or both cytoplasmic actin isoforms function in site 
formation.  Alternatively, a finding of the same number of sites but fewer fission 
events would suggest that actin dynamics are hindered and polymerization cannot 
provide the constrictive force required. The same experimental setup could be 
extended through the use of drugs that stimulate mitochondrial fission such as 
FCCP and the endoplasmic reticulum/mitochondria contact sites monitored. 
Additionally, re-introduction of γcyto- or βcyto-actin back into the MEFs from which 
they were ablated could shed further light on the importance of cytoplasmic actin 
isoforms in mitochondrial fission, however, our primary MEFs do not tolerate 
exogenous expression well so finding the optimal technique for exogenous 
expression would be critical. Immortalization would circumvent the toxicity induced 
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cell death we see in our primary MEFs, however the mitochondrial fission 
phenotype is not present in immortalized knockout cells. Knowing the specific 
contribution of γcyto- and βcyto-actin to mitochondrial fission is relevant to all cell 
types because of the ubiquitous expression of cytoplasmic actin isoforms. 
Since we observed a change in relaxation kinetics characteristic of a 
decrease in SR function, examination of SR Ca2+ transients, especially the activity 
of SERCA and the ryanodine receptor could lead to further understanding of the 
mechanism. The caveats to studying Ca2+ transients specifically at the SR are: 
getting a SR specific Ca2+ reporter into live skeletal muscle fibers, the mild nature 
of the phenotype, and having an assay sensitive enough to detect small variations 
in Ca2+ transients in the SR required to produce a reliable outcome.  One solution 
could be to visually examine SR Ca2+ in isolated myofibers (Ziman et al., 2010). 
Isolated myofibers would allow for the introduction of the SR Ca2+ probe Fura-2 
AM, however, the myofibers cannot be electrically stimulated to contract. None-
the-less, valuable information could still be gained with the use of SERCA 
inhibitors, such as thapsigargin, and activators could be utilized to assess whether 
the SR is leaking Ca2+. Because organization of mitochondria and the SR are 
highly stable in adult skeletal muscle the relationship between cytoplasmic actins, 
mitochondria and the sarco/endoplasmic reticulum may be more accessible to 
study in MEFs. The first step will be to identify if there is also an endoplasmic 
reticulum phenotype in MEFs. If a phenotype is identified then γcyto- and βcyto-actin 
endoplasmic reticulum interactions could be characterized, initially via the known 
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endoplasmic reticulum/actin associated proteins tropomodulin 3 and inverted 
formin 2 (Gokhin and Fowler, 2011; Korobova et al., 2013). 
Insight into the general cellular importance of cytoplasmic actins was gained 
through our studies in primary MEFs, which provided a γcyto- and βcyto-actin double 
knockout model. Intriguingly many of the phenotypes associated with ablation of 
either one of the cytoplasmic actin isoforms in MEFs were not worsened in the 
double knockouts, as was the case with mitochondrial morphology and fission. The 
consistency of phenotype in the absence of one or both cytoplasmic actin isoforms 
indicates that each isoform is required, and lacking one isoform is just as 
detrimental as lacking both. To more completely understand the functional 
significance of having two cytoplasmic isoforms an in vivo model is needed. 
Though single γcyto- or βcyto-actin muscle specific knockouts have provided insight 
into the function of cytoplasmic actin isoforms, the mild skeletal muscle myopathy 
observed is likely a result of functional overlap between the two actin isoforms 
masking the role each isoforms plays in adult tissue. Double γcyto- and βcyto-actin 
muscle specific knockouts would shed more light on the functional significance of 
these isoforms in skeletal muscle, however, attempts to generate these mice have 
proved unsuccessful thus far.  The challenge in generating skeletal muscle γcyto- 
and βcyto-actin double knockouts is probably becsue there are multiple populations 
of muscle progenitor cells and the multinucleate nature of myofibers, both of which 
result in cellular heterogeneity allowing for compensation when gene knockout is 
incomplete (Biressi et al., 2007). Successfully driving recombination at four alleles 
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in skeletal muscle is difficult, as other groups have seen (Haldar et al., 2008).  A 
potential solution for these problems is to use transgenic muscle specific MyoD 
Cre (Chen et al., 2005). MyoD is expressed early in the muscle cell lineage, 
allowing for targeting of all progenitor populations (Chen et al., 2001; Faerman and 
Shani, 1993; Sassoon et al., 1989). Additionally, the transgene for MyoD Cre could 
be present in high enough copy number to drive recombination in multiple nuclei 
and subsequent knockout of both γcyto- and βcyto-actin (Chen et al., 2005).  
Here we have extended our current understanding of the functional 
implications of γcyto- and βcyto-actin in skeletal muscle and how they might 
contribute to the mild myopathy observed when either isoforms is absent in skeletal 
muscle. We showed that γcyto- and βcyto-actin are involved in mitochondrial fission. 
In skeletal muscle, we found that mitochondrial and SR morphological phenotypes 
were preceded by functional changes indicative of decreased SR function. Our 
work also lead to more questions about the specific functions of cytoplasmic actin 
isoforms at the mitochondria/SR interface. Definitive understanding of the 
functional importance of γcyto- and βcyto-actin requires the generation of a skeletal 
muscle specific γcyto- and βcyto-actin double knockout. Ultimately, a double 
knockout will allow for determination of the role cytoplasmic actin redundancy has 
in phenotype development.   
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